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Abbreviations 
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cAMP – adenosine 3-,5-cyclic monophosphate 

CaV – voltage-gated calcium channel 

CDH23 – cadherin 23 

CHO – chinese hamster ovary 

cm – centimeter 
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GTP – guanosine 5’-triphosphate 

GTPγS – guanosine 5'-O-[gamma-thio]triphosphate 

GPCR – G protein-coupled receptor 
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HEK293 – human embryonic kidney 293 

HKC8 – human kidney cell 8 
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IP – inositolphosphate 

IP3 – inositol 1,4,5-trisphosphate  

ISOC – currents observed after store depletion  

K2P – K+ two pore channel 

L – length  

LDL – low density lipoprotein  

LRRC8 – leucine-rich repeat–containing 8 

MEC – mechanosensory abnormalities 

mmHg – millimeter mercury 

mRNA – messenger RNA 

MscL – mechanosensitive channel of large conductance 

MscM – mechanosensitive channel of mini conductance 

MscS – mechanosensitive channel of small conductance 

N – Newton 

N- – amino-  

NFAT – nuclear factor of activated T-cells 

NHE – Na+/H+ antiporter 3  

NHERF – NHE regulating factor  

NPT2a – Na+/phosphate cotransporter type 2a 

NompC – no mechanoreceptor potential channel 

OAG – 1-oleoyl-2-acetyl-sn-glycerol  

Orai1 – calcium channel calcium release-activated calcium channel protein 1  

OVLT – organum vasculosum laminae terminalis  

P – pressure  

P2X – purinergic channel 

Pa – Pascal 

PCDH15 – protocadherin 15 

PDZ – post synaptic density protein, drosophila disc large tumor suppressor, zonula 

occludens-1 protein  

PKA – phosphokinase A 

PKC – phoshokinase C 

PLA2 – phopholipase A2 

PLC – phopholipase C 

PLD – phospholipase D 
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PIP – phosphoinositol phosphate  

PIP2 – phosphatidylinositol 4,5- bisphosphate  

PTH1R – parathyroid hormone receptor 1 

r – radius  

RNA – ribonucleic acid 

RNAi – RNA interference 

SAI – slowly adapting type I 

shRNA – small hairpin RNA 

siRNA –small interfering RNA 

SOC – store operated channel  

SON – supraoptic nucleus  

STIM1 – stromal interaction molecule 1 

T – tension 

TM – transmembrane 

TMC – transmembrane channel-like 

TMHS – tetraspan membrane protein of hair cells 

TNP – 2,4,6-trinitrophenol 

TNP-ATP – 2',3'-O-(2,4,6-Trinitrophenyl)adenosine-5'-triphosphate 

TRAAK – TWIK-related arachidonic acid-stimulated K+ channel 

TREK – TWIK-related K+ channel  

TRP – Transient Receptor Potential  

TRPA – ankyrin TRP 

TRPC – canonical TRP 

TRPM – melastatin TRP 

TRPML – mucolipid TRP 

TRPN –NompC-related TRP  

TRPP – polycystin TRP 

TRPV – vanilloid TRP 

TRPY – yeast TRP 

VACC – volume activated chloride channels  

VRAC – volume-regulated anion channel  

VSMC – vascular smooth muscle cell  

VSOAC – volume sensitive organic anion channels  

 

The use of abbreviations of common english words is done according to guidelines 

from the American Psychological Association (1994).
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I Introduction 

Mechanosensitivity refers to the ability of cells and tissues to convert specific mechanical 

stimuli into chemical and electrical signals inside the cell. Mechanosensitivity is inherent to a 

wide variety of cells in many different organisms ranging from bacteria to mammals. The 

primary target for mechanical stimulation is the cell surface with the plasma membrane, which 

can respond in variable physical stress. For example, mechanical stimulation can change the 

open probability of directly or indirectly mechanosensitive ion channels. Thus, mechanical 

stress can elicit a multitude of biochemical processes—both transient and long-lasting—inside 

a cell. Mechanosensitivity can be subdivided into the three different processes, namely 

mechanoperception, mechanotransduction and mechanoresponse. While mechanoperception 

describes the ability of proteins to perceive physical forces, mechanotransduction is the 

transmission of force to cellular elements. Mechanoresponse is the resulting conversion of 

mechanical stimuli into biologically adaptive electrical and chemical responses.  

1. Role of mechanosensitivity in cells and organisms 

An organism detects diverse sensory information with a variety of cells that respond to 

mechanical forces. Examples of mechanosensation in mammals are hearing which is 

perceived by hair cells in the inner ear, touch which is sensed by various cells inside the skin 

and pressure-induced vasoconstriction which is mediated by vascular smooth muscle cells and 

causes autoregulation of the blood flow. Although structurally different, the mechanoreceptors 

of these cells share several mechanistic features. The following section describes the recent 

understanding of the molecular basis of the sensations of touch, hearing and autoregulation of 

blood flow by arterial muscle cells.  

1.1 Sensation of touch by cutaneous receptors 

Touch is the detection of mechanical stimuli’s impact on the skin, including innocuous and 

noxious mechanical stimuli. The impression of touch is formed by several modalities including 

pressure, skin stretch, vibration and temperature, and is detected by a diverse array of 

specialized cutaneous receptors that are localized in various layers of the skin. Somatosensory 

neurons reside within dorsal root ganglia (DRG) and cranial sensory ganglia and are divided 

into low- and high-threshold mechanoreceptors. The associated nerve fibers are broadly 

classified on the basis of degree of myelination and action potential conduction velocities into 

Aβ-, Aδ-, or C-fibers. In contrast to neurons that respond to innocuous touch and temperatures, 

sensory neurons known as nociceptors respond to painful sensations caused by intense 

mechanical, thermal or chemical stimulation (for review see Lumpkin and Caterina, 2007). Pain 

receptors are localized cutaneously, somatically or viscerally with varying frequency. The 
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underlying mechanisms that allow mechanoperception are ion channels that rapidly transform 

mechanical forces into electrical signals and depolarize the cell. This generates a receptor 

potential that results in action potential firing that propagates toward the central nervous 

system (Figure 1, left). Although depolarizing mechanosensitive ion currents in skin cells have 

been well characterized, the molecular identity of conducting ion channels has been obscure. 

Several channel families including transient receptor potential channel (TRP), 

degenerin/Epithelial Na+ channel (Deg/ENaC), Piezo channel, as well as transmembrane 

channel-like (TMC) families have been proposed as mechanosensors in hair cells 

(summarized in Raudaut et al., 2012). However, additional research has questioned the 

requirement of most of these candidates in touch sensation. Although evidence from yeast has 

pointed to directly mechanogated TRP channels, experiments in mammals failed to confirm 

direct mechanosensitive properties of most TRP channels. Similar results were obtained for 

the Deg/ENaC channel family: Although the sensation of gentle touch in the Caenorhabditis 

elegans (C. elegans) is directly sensed by a Deg/ENaC channel complex that requires several 

accessory subunits for proper function, direct mechanosensitive characteristics of mammalian 

Deg/ENaC channels could not be validated (for review see Arnadottir and Chalfie, 2010). The 

presence of TMC1 and TMC2 proteins, which are both essential components of hair cell 

mechanotransduction, has not yet been confirmed in the somatosensory system. Studies with 

TMC1 mutant worms showed no apparent defects in touch avoidance, arguing against the 

relevance of TMC proteins in touch sensation (Chatzigeorgiou et al., 2013). Even Piezo 

channels, although likely directly responsive to mechanical stimuli, were not fully responsible 

for the sensation of touch in afferents. However, for the first time, it could be shown that Piezo2 

channels function as mechanosensors in Merkel cells. Merkel cells are in close association 

with Aβ-afferent terminals and mediate a subset of slowly adapting responses to touch. For 

many years, it has been unclear whether Merkel cells are required for touch sensitivity and 

there was no evidence demonstrating that Merkel cells are directly activated by touch. In fact, 

Merkel cells have been believed to be merely supportive tissues for terminal afferent functions. 

However, independent researcher groups were able to show that Merkel cells, rather than Aβ-

afferent nerve endings, are the primary sites of tactile transduction. Additionally, Piezo2 ion 

channels were identified as the Merkel cell mechanical transducers that convert tactile stimuli 

into calcium action potentials thereby actively tuning the firing rate of mechanosensory Aβ-

afferents (Figure 1, right) (Ikeda and Gu, 2014; Maksimovic et al., 2014; Woo et al., 2014).  
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Figure 1: Sensation of touch by cutaneous receptors. Left: Image adapted from Lumpkin and 

Caterina, 2007). The skin is innervated by somatosensory neurons that project via the dorsal root 

ganglia (DRG) to the spinal cord. Aβ-fibres, such as those that innervate Merkel cells and those around 

hair shafts, are thought to be touch receptors. Aδ-fibres and C-fibres include thermoreceptors and 

nociceptors. Right: Image adapted from Maksimovic et al., 2014). Deformation of the skin opens 

mechanosensitive channels in slowly adapting type I (SAI) afferents (1) to initiate action potential firing 

at the onset of dynamic stimuli (2). The presence of Merkel cells boosts dynamic firing through Piezo2-

independent mechanisms. Skin deformation simultaneously activates Piezo2 resulting in depolarized 

Merkel cells (3). Calcium entry through Piezo2 subsequently activates voltage-activated calcium 

channels (CaV) (4) and release of unidentified neurotransmitters (5) that trigger sustained firing of the 

SAI afferent (6).  

1.2 Sensation of sound by hair cells in the inner ear 

Hair cells reside in the inner ear and convert a mechanical stimulus into an electrical signal 

that is processed by the central nervous system. The mechanosensitive structure inside the 

hair cell is the hair bundle, which consists of actin-rich stereocilia. The stereocilia are laterally 

coupled to each other by intercilliary links. Additional tip links connect the tip of each 

stereocilium to the side of its tallest neighboring stereocilium. A mechanical stimulus will result 

in the deflection of the stereocilia towards the tallest stereocilium and the tip links are 

tensioned. This tension opens mechanosensitive cation channels of largely unknown identity 

located at the tip link (Figure 2). As a result, the cells will depolarize and release 

neurotransmitters at the base of the hair cells. In this way, the hair cell's excitation will be 

conveyed to the central nervous system (for review see Gillespie and Muller, 2009). Mutations 

in structures essential for the integrity of the mechanosensitive structures result in hearing 

deficiencies and have led to the identification of cadherin 23 and protocadherin 15 as tip linkers 

that form the upper and the lower part of the tip link respectively. However, the identity of the 

transducing channel remains elusive. It is known that mechanosensitive ion currents in hair 

cells are mediated by non-selective cation channels with high calcium permeability and adapt 

their response to sustained stimuli. Several proteins including ankyrin TRP 1 (TRPA1), 

melastanin TRP 1 (TRPM1), no mechanoreceptor potential C (NompC)-like TRP 1 (TRPN1), 

tetraspan membrane protein of hair cell stereocilia (TMHS), TMC1 and TMC2 have been raised 
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as putative mechanosensors, but so far, concluding evidence for either channel is missing (for 

review see Gillespie and Muller, 2009). TRPA1 and TRPM1 are expressed at the tips of hair 

cells, but mice lacking either channel have normal hearing and balance clearly arguing against 

TRPA1 or TRPM1 as hair cell conductance channels (Bautista et al., 2006; Gerka-Stuyt et al., 

2013). TMHS channels, although clearly important for proper hearing in mice, regulate 

transducing conductance and adaptation and might be an accessory subunit of the hair cell’s 

mechanosensitive apparatus (Xiong et al., 2012). On the contrary, evidence supports the 

hypothesis of TMC1 and TMC2 being transducing channels in hair cells. TMC1-deficient mice 

are deaf and so are humans carrying mutations in TMC1 (Kurima et al., 2002). The most 

convincing evidence is a point mutation in TMC1 that alters the permeation properties of 

transduction channels in native sensory cells, which can only be explained by the mutated 

protein either being part of the channel itself or being a pore regulatory subunit (Pan et al., 

2013). However, in vitro data attributing the characteristics reminiscent to those found in 

sensory cells to TMC proteins are still missing. Of relevance are findings in C. elegans TMC1 

mutant worms that show no apparent defects in touch avoidance, leaving the role of TMC1 ill-

defined (Chatzigeorgiou et al., 2013).  

 

 
Figure 2: Sensation of sound by hair cells in the inner ear. Left: Image adapted from Jiang, 2012. 

Scanning electron micrograph of hair cell bundle in the inner ear. Middle: Force (F) in the form of 

mechanical waves or head movement results in deflection of the hair cells towards the largest cilia. 

Right: The tips of the hair cells are connected via tip linkers that are composed of protocadherin 15 and 

cadherin 23. Deflection of the hair cells causes the linker to tighten resulting in the opening of a 

mechanosensitive ion channel. The identity of the mechnotransducing channel is not yet clarified, but 

latest research suggests that transmembrane channel-like (TMC) proteins are at least part of the 

channel’s pore.  

1.3 Myogenic tone 

Cells in the cardiovascular system are constantly subjected to mechanical forces due to the 

pulsatile nature of the blood flow caused by the beating heart. Endothelial cells as well as 
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vascular smooth muscle cells (VSMCs) of small resistance arteries harbor mechanosensitive 

structures in order to regulate blood flow independently of the nervous system. Disturbances 

of these mechanical loads contribute to cardiovascular diseases like hypertension, diabetes 

atherosclerosis and vascular restenosis (Cummins et al., 2007). In contrast to VSMCs of large 

arteries, VSMCs of small resistance arteries and arterioles constrict in response to elevated 

intraluminal pressure, an effect known as the Bayliss effect (Bayliss, 1902). Myogenic 

vasoconstriction is independent of the underlying endothelium (Bevan and Laher, 1991) and 

neuronal innervations and is therefore an intrinsic characteristic of VSMCs of small resistance 

arteries (Davis and Hill, 1999). Elevated intraluminal pressure causes a gradual depolarization 

in VSMCs that subsequently results in the opening of voltage-gated L-type calcium channels 

and increased intracellular calcium causing myogenic constriction (Figure 3) (Schubert and 

Brayden, 2005). The signaling cascades pertinent to myogenic vasoconstriction have been 

intensively investigated. Already 20 years ago, a mechanosensitive cation conductance 

mediated by mechanosensitive non-selective cation channels was recognized and it has been 

suggested that TRP channels could be the underlying mechanosensitive channels (for review 

see Sharif-Naeini et al., 2008). However, the hypothesis of inherent mechanosensitive TRP 

channels could not be substantiated although some TRP channels including vanilloid TRP 2 

(TRPV2), canonical TRP 6 (TRPC6) and TRPM4 are known regulators of myogenic 

vasoconstriction (summarized in Vennekens and Nilius, 2007). Instead of direct mechanical 

TRP channel activation, TRPC activation was shown to be successive to mechanical activation 

of Gq/11 protein-coupled receptors (Gq/11PCRs) which subsequently signal to TRPC channels 

in a G protein- and phospholipase C-dependent manner (Mederos y Schnitzler et al., 2008). 

Importantly, the activation of Gq/11PCRs by mechanical cues is agonist-independent and results 

in increased intracellular calcium concentrations. Particularly angiotensin II type 1 receptors 

(AT1Rs) are key elements for mechanosensation in VSMCs mediating up to 50% of myogenic 

vasoconstriction (Blodow et al., 2014). Additional blockage of cysteinyl leukotriene 1 receptors 

(CysLT1Rs)—another Gq/11PCR—even added up to a blockage of roughly 60% of myogenic 

vasoconstriction (Storch et al., 2014). Similar results were found by inhibiting all Gq/11 protein 

signaling implying that 40% of myogenic tone is mediated by other mechanosensory elements 

of unknown identity.  
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Figure 3: Mechanism of myogenic vasoconstriction. Left: Image adapted from Hoffman et al., 2011. 

Force (F) in the form of the pulsatile blood flow through the blood vessels causes stretching of blood 

vessel walls that are compromised of endothelial cells (ECs) and vascular smooth muscle cells 

(VSMCs). Right: In arterial VSMCs vasoconstriction occurs as a result of mechanical activation of Gq/11 

protein-coupled receptors (Gq/11PCRs) (accounts for 60% of myogenic vasoconstriction) that 

subsequently activate canonical transient receptor potential channels (TRPCs). 40% of myogenic 

constriction is mediated by a mechanosensitive protein (MSP) of unknown identity. Activation of TRP 

channels and MSPs results in depolarizing of cells which in turn activates voltage-gated calcium 

channels (CaV) causing myogenic vasoconstriction.  

2. Classifications of mechanical load  

Mechanical load is described as a set of external forces acting on a structure. Force can be 

applied to objects in several ways and can mean normal stress, shear stress or stretch 

depending on the angle at which the force hits the surface of the object (Figure 4). A 

classification of different types of mechanical loads is described below.  

Pressure or stress is defined as the ratio of applied force F to the surface of an object to the 

area A over which that force is distributed (P = F • A-1). Pressure is usually described in 

newtons per square meter (N • m-2) or pascal (Pa). In physiological context the units barye, 

equal to 1 dyne • cm−2 or 0.1 Pa are often used. Pressure can also be measured by its ability 

to displace a column of liquid like mercury in a manometer. Displacement of one millimeter of 

mercury is approximately equal to ≈133.322 Pa. In general, the threshold amount of force 

needed to evoke a mechanical response within a single cell is thought to be approximately 

1 nN (equals appr. 1 Pa • 1000 cm-2) while the critical force exerted on a single molecule is 

most likely within the few piconewtons range (Huang et al., 2004).  

If the force is applied perpendicular to the area the resulting pressure is denoted as normal 

stress (σ) or direct stress (Figure 4, left). Normal stress can be further classified into tensile 

stress or compression stress. Tensile stress results when a body is subjected to tow equal 
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tensile forces resulting in an increase in the body’s length. Compression occurs when a body 

is subjected to two equal and opposite pushes resulting in a decreased body length. The 

amount of compression and tension depends on the elasticity modulus of the material: Bones 

are not elastic and have a high elasticity modulus E ≈ 20 GPa while cells have an elasticity 

modulus of E ≈ 0.1–400 kPa (Kuznetsova et al., 2007; Rho et al., 1993). A physiological 

example of tension and compression stress applied to cells is the pressure exerted on 

cardiovascular vessel walls. Endothelial cells and VSMCs feel the pulsatile nature of the 

beating heart resulting in stretching of the cells. Typical values for pressures exerted on 

arteries are between <80 mmHg (<11 kPa) diastolic (pressure in the arteries between 

heartbeats) and 110 mmHg (≈15 kPa) systolic (pressure in the arteries when the heart beats) 

blood pressure.  

If force is not applied normal but tangential or parallel to the surface of the body this stress is 

denoted as shear stress (Figure 4, right). Shear stress leads to a deformation of the body tilting 

those edges, which are vertical to the force and can be described as τ = F • L-2 with L being 

the final length. Shear stress plays an important role in blood flow where the floating blood 

causes friction with the cell surface thereby resulting in the loss of velocity. Physiological shear 

stress values vary from 1 to 50 dyne cm-² (0.1–5 Pa) depending on the vessel type (e.g., artery 

or vein) and the size of the organism (for review see Orr et al., 2006). 

Forces applied to an object may result in the deformation of the body if the body is deformable. 

If the force is applied to a small area, the body will be deflected. Homogenous pressure will 

result in compression of the body. General terms to describe these deformations are stretch 

and strain. Stretch is defined as a dimensionless measure of compression (or elongation in 

case of traction force) of the body in the direction of the applied force and can be described as 

ε = ∆L • L-1 with L being the initial length and ∆L being the change in length in direction of the 

stretch. Strain on the other hand represents a normalized displacement between particles in 

the body relative to a reference length: ζ = (L’ - L) • L-1 with L being the initial length which is 

stretched to final length L’. Comparing the levels of force with forces with imposed strain is 

challenging, since the elasticity of the cells and the underlying forces of interaction between 

the cells and the flexible substrate are usually unknown. However, by assuming the elasticity 

modulus to be 1 kPa, a stress of 100 Pa is sufficient to produce a 10% strain, a value usually 

used in stretch experiments (Huang et al., 2004).  

Living organisms move. This causes interactions of moving particles with their surrounding. As 

a result of these interactions cells feel pressure, strain, stretch or stress or combinations 

thereof (Salameh and Dhein, 2013). Therefore, it might not be possible to experimentally 

discriminate between the forces living organisms percept. For example, a beating heart will 

result in pressure thereby stretching the vessel wall and in strain. Additionally, the resulting 

blood flow will cause a shear stress on the endothelial cells lining the vessels. 
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Figure 4: Classification of mechanical load. Mechanical load can be classified into categories 

according to the angle of the force (F) on the surface of the object. Normal stress describes forces that 

are perpendicular to the object resulting in pressure (P), while shear stress arises when force is applied 

tangential or parallel to the surface of the body. Normal stress can be further subdivided into 

compression stress resulting in a decrease of the body’s length (L) (see left bar) and tension stress 

resulting in an increase of the body’s length (see third bar from the left). Application of shear stress leads 

to tilting of the upper object’s corners (see right cube).  
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3. Hypothetical modes of activation  

Mechanical force acts on the plasma membrane thereby altering membrane tension. Since 

changes in membrane tension are the key driving force for mechanically activated proteins, 

most proteins that are commonly known as mechanosensitive are integral membrane proteins 

like ion channels, enzymes or receptors. The plasma membrane is made up by two layers of 

phospholipids whose hydrophobic tails line up against one another while the hydrophilic heads 

face the aqueous solution on both sides. As a result hereof, a lipid bilayer has different physical 

properties at different depths (see Figure 5, upper panel) (Cantor, 1999a). The membrane 

structure is disturbed by the presence of membrane proteins, which results in reorganization 

of the lipid bilayer which energetically stabilizes the membrane-bound protein (Figure 5). 

Hence, when the force profile of the bilayer is altered either by mechanical stretch or by protein 

displacement, the protein will adopt a new energetically favorable conformation. Two 

hypotheses describe how integral plasma membrane proteins directly perceive mechanical 

force: The “membrane model” and the “tethered model” (Figure 5). The “membrane model” or 

“force-from-lipids model” explains activation of these proteins as a result of an altered lateral 

pressure profile favoring an alternative conformational state of the mechanoreceptive protein 

(Figure 5, middle panel) (Cantor, 1999b). Examples for bilayer-gated proteins are the bacterial 

mechanosensitive channel subunits of large conductance (MscL) and the vertebrate 

background two pore potassium (K2P) channels TREK-1 and TREK-2. Negative pressure 

subjected to reconstituted MscL channels in artificial membranes is sufficient to activate MscL, 

while TREK-1 and TREK-2 retain their mechanosensitivity in cytoskeleton-free membrane 

blebs, indicating a bilayer-gated mechanism of activation for these channels (Honore et al., 

2006). The “tethered model” on the other hand favors the mediation of force through structural 

proteins. Linking proteins can be intracellular like binding to cytoskeleton, extracellular like 

binding to the extracellular matrix, or both (Figure 5, lower panel). The best studied example 

for this mode of activation is the Deg/ENaC complex, which is known to transduce gentle touch 

in C. elegans (for reviews see Brierley, 2010 and Kung, 2005). The Deg/ENaC complex 

comprises several proteins including the two ion channels MEC-4 and MEC-10, while other 

proteins like MEC-9 provide a link to the extracellular matrix. MEC-2, MEC-7 and MEC-10 on 

the internal side link the complex to the cytoskeleton.  

Regardless of the mode of activation, the result of the mechanical stimulation is an altered 

force profile, making it energetically more favorable for the protein to assume a new 

conformation and hence exhibit a different function. In case of ion channels, this means 

adopting an ion-permeable conformation, while mechanosensitive GPCRs presumably shift to 

a conformation allowing for G protein activation. In any case, activation needs to result in 

downstream signaling events.  
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Besides directly mechanoperceptive structures, proteins can be indirectly mechanosensitive. 

Indirectly mechanosensitive structures are activated through a second messenger systems 

and transduce the mechanical stimuli sensed by upstream mechanosensors into the cell.  

 

 

Figure 5: Description of intrinsic forces within the lipid bilayer and possible modes of activation 

for directly mechanoperceptive proteins. Upper panel: Lateral pressure profile plotted as its direction 

and magnitude along the depth of the bilayer (left), and a cartoon of a protein in section (right) (Cantor, 

1997b). The narrow blue arrows represent the sharp tension near the lipid necks that is balanced by 

more diffused pressure inside the lipid bilayer (broad arrows). Lower panel: Upon mechanical stimulation 

the altered pressure profile allows the protein to adopt a more energetically favorable conformation that 

leads to downstream signaling (right) (For review see Brierley, 2010). The membrane model (second 

panel) proposes that stretch directly alters the membrane tension and therefore the lateral pressure 

profile at the protein-lipid interface. The tethered model (third panel) proposes that extra- and 

intracellular linkers confer direct mechanoperceptive properties to an integral membrane protein.  
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4. Techniques for mechanical probing of cells  

Just like the diversity of agonists that mediate specific agonist-induced signaling, 

mechanotransducing stimuli, that induce specific downstream signaling cascades, are diverse. 

Mechanotransducing stimuli include changes in osmolarity, touch, texture, volume, 

proprioception, vibration and gravity. Understanding the molecular basis for 

mechanotransduction does not only require knowledge about the magnitude of the applied 

force but also information about the distribution of forces throughout the cell. Applied forces 

can be dynamic regarding their strength, duration and orientation and will result in distinct 

dynamic mechanoresponse. For example, cyclic stretch and static stretch of the same 

amplitude induce unique mechanoresponses in vascular endothelial cells (Zheng et al., 2008). 

Additionally, cells in a physiological setting might be subjected to more than one mechanical 

stimulus at the same time. Experimentally, the application of the right physiological stimulus is 

therefore a challenging subject. Although a wide variety of mechanical stimuli exist, it is 

generally accepted that the underlying perception mechanisms must be unified, regardless of 

the underlying mechanical stimulus. Therefore, the following techniques, though maybe not 

physiologically matched, have been successfully used to elicit a biological response after 

mechanical stimulation.  

4.1 Patch clamp technique 

Mechanosensitive ion channels are commonly analyzed using the patch clamp technique. This 

technique uses an electrode inside a glass micropipette to seal a lipid surface area or "patch" 

of a single cell or liposome (Sakmann and Neher, 1984). In this way, single channel recordings 

can be performed in either the cell-attached configuration, or the outside-out configuration or 

the inside-out configuration. A complication of the patch clamp technique is that sealing the 

cells already introduces a resting tension to the patch, which is approximately 3 mN • m-1 and 

equals approximately 30% of the strength needed to rupture a membrane (Sachs, 2010). Thus, 

all patch recordings are performed under stressed circumstances which can conceal a 

mechanosensitive ion channel activity due to inactivation of the channels over time.  

Electrophysiological characterization of the channel of interest can be done by heterologous 

or endogenous expression of the channel in a cellular system or by reconstitution of the 

channel in an artificial lipid environment. A complication regarding measuring 

mechanosensitive ion channels arises from the fact that basically all cell types endogenously 

express mechanosensitive ion channels (for reviews see Sachs, 2010 and Haswell et al., 

2011). This means that there is no null background when measuring the protein of interest in 

a cellular system. Therefore, reconstitution of the channel is the ultimate way to prove an 

inherent mechanosensitivity of ion channels. The mechanical stimulus can now be applied by 

several means: First, the patch pipette can excise either a negative or positive pressure. In 
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single-channel recordings, the application of pressure to the underlying patch results in 

membrane tension (T) thereby altering the lateral membrane pressure profile. An example of 

an intrinsic mechanosensitive channel successfully measured by application of pressure 

through the patch pipette is the bacterial MscL channel. It was demonstrated that MscL 

channels require a membrane tension of 18 mN • m-1 close to the force needed to rupture the 

bacterial membrane in order to open (Sukharev et al., 1997). In this way MscL channels 

provide a useful pressure relief valve for bacterial cells that are osmotically stressed.  

An alternative to the application of pressure in single-cell recordings is the administration of a 

defined positive pressure through the patch pipette in the whole-cell configuration. In that case, 

cells will inflate resulting in membrane stretch, thereby possibly activating susceptible 

mechanosensitive structures. However, inflation of cells frequently causes a disruption of the 

seal making it a rather inconvenient way to administer mechanical load.  

Besides administration of pressure through the patch pipette, the lateral membrane pressure 

profile can be altered by addition of amphiphilic substances that incorporate themselves into 

one side of the membrane thereby causing a bending of the lipids surrounding the channel. A 

commonly used amphiphilic substance is the GsMTx4 peptide isolated from the Grammostola 

spatulata spider. GsMTx4 supposedly suppresses mechanosensitive cation currents by 

incorporating itself into the lipid bilayer surrounding the channel thereby changing local 

curvature and mechanically stressing the channel toward the closed state (Suchyna et al., 

2004). However, GsMTx4 is also heavily positively charged and could inhibit cation 

conductance by repelling incoming cations (for review see Bowmann et al., 2007). 

Unfortunately, GsMTx4 has no effect on mechanosensitive background K2P channels and 

possibly other mechanosensitive channels leaving the function of GsMTx4 ill defined. 

Therefore, data obtained with GsMTx4 toxin have to be handled with great caution. Other 

amphiphilic substances include unsaturated fatty acids like arachidonic acid (AA), the acid 

aromatic compound 2,4,6-trinitrophenol (TNP) or general anesthetics like chlorpromazine, 

which have all been successfully used to open mechanosensitive channels (Cantor, 1997a; 

Martinac et al., 1990; Patel and Honore, 2001). Amphiphilic substances can be a useful tool to 

study and screen for mechanosensitive proteins, but they are not essential criteria to call a 

protein mechanosensitive. 

A third way to introduce mechanical stress in patch clamping is the use of hypotonic or 

hypertonic bath solutions resulting in cell swelling or cell shrinkage, respectively. Both methods 

result in membrane stretch due to altered membrane tension. Cell swelling experiments are 

commonly used in electrophysiological whole-cell recordings, but can also be applied to cells 

in different experimental settings. Commonly used stimuli are in the order of ∆50 to 

∆200 mOsmol • kg-1 (Hua et al., 2010; Mederos y Schnitzler et al., 2008; Spagnoli et al., 2008) 

which results in approximate osmotic pressure of 1.2 atm (122 kPa) and 4.9 atm (496 kPa) 
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using the Morse equation at room temperature and assuming that the solute is impermeable 

to the membrane. However, one should bear in mind that cell swelling means dilution of 

cytosolic factors like ions and macromolecules which might already be sufficient to affect ion 

channel function. Furthermore, osmotic stimuli do not generate uniform tension in the lipid 

bilayer since the curvature of adherent cells is not constant and depends on the cytoskeleton. 

Finally, a micromanipulator attached to a blunt object that gently touches the plasma 

membrane can be used in whole-cell recordings. However, data interpretation can be difficult 

since the compression-induced stress distribution is spatially limited and difficult to analyze on 

a molecular level and might not reach the locally-restricted mechanotransducing machinery.  

4.2 Optical and magnetic tweezers 

Other methods to induce mechanical stimuli are optical tweezers, which have been 

successfully used to overcome the problem of locally restricted mechanotransduction in 

primary cilium of epithelial cells (Resnick, 2010). Optical tweezers use radiation pressure from 

a focused laser beam to manipulate small particles. The advantage of optical tweezers is the 

precise amount of force that can be applied to the trapped particle: Ten to hundreds of 

piconewtons. In this way, optical tweezers can be used to control particle position, study 

membrane elasticity and force progression at the molecular scale. The disadvantage is that 

only one particle at a time can be controlled unless several optical tweezers are used in tandem 

(Leake et al., 2004).  

Magnetic force application using paramagnetic beads is the magnetic counterpart to optical 

tweezers and allow the application of controlled linear or torque to a particle. Magnetic force 

application generates constant forces in the range of a few piconewtons and has been 

successfully used to demonstrate that integrins are more firmly attached to the cytoskeleton 

than acetylated low density lipoprotein (LDL) receptors (Wang and Ingber, 1995).  

4.3 Atomic force microscopy 

Atomic force microscopy (AFM) uses a probe consisting of a fine pyramidal tip attached to a 

cantilever that flexes as the tip pushes onto the surface. In contact mode, the deformation of 

substrate can be measured by measuring the flexure in the cantilever. AFM typically estimates 

cell stiffness in the range of hundreds of kilopascals making it a rather imprecise method. 

However, it is useful for mapping cell heterogeneity, for example, when mapping stiffer 

structures like focal adhesions (for review see Huang et al., 2014). 

4.4 Hydrostatic pressure 

The approaches addressed so far primarily apply to single cell experiments. Multiple cell 

analysis does not focus on mechanisms but rather on downstream effects resulting from 
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mechanical stimulation. Hydrostatic pressure can also easily subjected to a group of cells by 

using compressed air or a column filled with fluid above the cells being stimulated. Commonly 

used hydrostatic pressures are 5 to 30 cmH20, which translates to approximate pressure 

values of 0.5 to 3 kPa (Mederos y Schnitzler et al., 2008; Olsen et al., 2011) although much 

higher pressures of 0.5 to 41 MPa have also been used successfully to show the effect of 

hydrostatic pressure on calcium influx (Horner and Wolfner, 2008; Mizuno, 2005). 

4.5 Silicone-based membranes 

Another method allowing application of normal stretch, in the form of tension and compression, 

to a group of cells can be achieved by growing cells on flexible silicone-based membranes that 

can be subjected to equibiaxial or uniaxial strain by using a regulated vacuum pressure to 

deform flexible-bottomed culture plates. Strain rates commonly vary from 0.1 to 10 Hz and the 

strain percentage ranges from <1% to >20% (Huang et al., 2004). The drawback of this method 

is its inability to distinguish between stretch and shear stress. Stretching the cells on the 

silicone membrane inevitable results in turbulences of the culture medium. This makes it 

impossible to distinguish between shear stress and normal stress. 

4.6 Laminar shear stress 

Shear stress can be relatively easily introduced to cells by gravity-induced perfusion. A more 

refined and measurable shear stress can be achieved by perfusion of cells in a fixed chamber. 

Fluctuations in flow rate can be administered by the use of pump systems. Typical shear stress 

levels range from 1 to 20 dyne • cm-2 (0.1–2 Pa), which has been shown to be the critical level 

of stress for a variety of biological responses (Huang et al., 2004).  
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5. Criteria for mechanoperceptive proteins 

Criteria for calling a protein mechanoperceptive are not easily found. In contrast to the relatively 

well characterized mechanosensitive bacterial ion channels, the identification of mammalian 

ion channels has been more challenging. Eukaryotes may require protein complexes tethering 

the mechanosensitive protein to the intra- and extracellular matrix. Additionally, proteins may 

require a different mechanical stimulus than can be applied in experimental laboratory settings. 

However, the following criteria have been used to call a protein inherently mechanosensitive 

(Ernstrom and Chalfie, 2002; Mederos y Schnitzler et al., 2011; Morris, 1992): 

1. The candidate shows an appropriate temporal and spatial expression.  

2. Key components in the process of mechanotransduction are speed and sensitivity. The 

response time after mechanical stimulation should be fast and comply with 

physiological reaction times that are usually in the millisecond range (e.g. <5 ms for ion 

channels, <500 ms for GPCRs and <50 µs for membrane bound enzymes). 

3. Intrinsic mechanosensitive proteins should convey the amplitude of the applied 

pressure as well as its strength resulting in a faster protein response if the stimulus is 

more intense (Gillespie and Walker, 2001; Storch et al., 2012b). However, the 

amplitude of the force exerted on the protein should always be in physiological 

meaningful ranges in order to guarantee adequate mechanosensing function of the 

candidate.  

4. Mechanical stimulation should result in a distinct mechanical correlate of protein 

activation, for instance a detectable change in conformation.  

5. Impairment of the protein function should eliminate or modify the mechanical response. 

Attenuation of the protein can be performed by mutating key amino acids within the 

protein, by using candidate-specific blockers, antagonists or inverse agonists or by 

down-regulation of the protein using molecular biology techniques. It is important to 

note, that the candidate mechanosensor should be pivotal for sensing the mechanical 

stimulus but not for subsequent downstream signaling. Hence, removal of the 

mechanoperceptive protein should eliminate the entire mechanoresponse. 

6. Ultimately, to test for intrinsic mechanosensing properties, reconstruction of the 

candidate into an artificial lipid bilayer should be sufficient to create a 

mechanotransducing machinery. However, this method has only be applied to 

mechanoperceptive ion channels so far, since the application of the mechanical 

stimulus and the measurement of the channel’s response can be directly conducted by 

using the patch clamp technique. However, it should be possible to measure GPCR 

activation in a lipid bilayer enriched with G proteins using a similar method as well. In 
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contrast, enzymes should be measured in cell-free enzymatic assay, in which a 

meaningful and measurable mechanical stimulus can be directly applied. 

 

Recently, the establishment of a force coefficient similar to the Q10 value describing 

changes in the activation rate caused by a temperature increase of 10°C has been 

proposed (Mederos y Schnitzler et al., 2011). In analogy to the Q10 value, the present 

authors suggest the following to apply a meaningful correlate to the diverse 

mechanosensors: Ion channels can be monitored by their conductance rate, enzymes by 

their enzymatic reaction kinetics and GPCR by their G protein activation capability.  

Besides directly mechanosensitive structures, proteins can be indirectly mechanosensitive 

through activation of second messengers, that signal the mechanical event to 

mechanotransducing proteins. This means that a structure upstream of the 

mechanotransducing protein is the actual mechanosensor, while the mechanotransducer 

converts the sensed force into a biological signaling process.  
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6. Mechanosensitivity influencing factors  

A force must be transmitted to mechanosensitive elements before it can be sensed. In the 

simplest case—as is likely true for bacterial mechanosensitive channel subunits of large and 

small conductance (MscL and MscS)—application of force results in the deformation of the 

lipid bilayer altering the lipid membrane tension profile. Altered lipid tension favors a different 

conformation of the mechanosensitive channels that is accompanied by altered ion 

conductance properties. This means that modifications done to the composition and curvature 

of the lipid bilayer will automatically reflect on the function of lipid-bilayer gated proteins. 

Eukaryotes have developed a refined intra- and extracellular scaffold that supports the plasma 

membrane and proteins within. Therefore, a key feature of eukaryotic force sensing is that the 

transduction unit detects deflection of an external structure relative to an internal structure. 

This means that any modification done to the complex architecture of the mechanosensor 

including altering the extra- and intracellular matrix, as well as modifications of the lipid bilayer 

harboring the mechanosensor, will reflect on the function of the mechanosensitive protein. The 

integrative role of tethers in mechanical units is best studied in the Deg/ENaC ion channel 

complex. The Deg/ENaC channel pore is made up by the proteins MEC-4 and MEC-10. 

However, reconstitution of the channel subunits MEC-4 and MEC-10 in heterologous 

expression systems is not sufficient to obtain a mechanogating channel suggesting the 

requirement of tethers or other subunits for mechanical gating (Garcia-Anoveros et al., 1998). 

In fact, it has been convincingly demonstrated that MEC-4 and MEC-10 require auxiliary MEC 

subunits to form a mechanosensitive ion channel complex. Among the auxiliary MEC subunits 

are extra- and intracellular proteins including MEC-9, the β-tubulins MEC-7 and MEC-12, and 

the integral membrane protein MEC-2 (Bianchi, 2007; Bounoutas and Chalfie, 2007; O'Hagan 

et al., 2005; Wang et al., 2009).  

6.1 Role of lipids 

The lipid bilayer is a critical environment for membrane proteins and accounts for proteins 

conformation and function. Glycerophospholipids are the main structural component of 

biological membranes while minor parts being cholesterol and phosphatidylinositol. The 

formation of lipid bilayers is an energetically preferred process where the polar head of 

glycerophospholipids face the aqueous solution and the tail faces tails from inversed 

glycerophospholipids. As a result hereof, a lipid bilayer has different physical properties at 

different depths (Figure 5) (Cantor, 1999a). The free-energy reduction in ordering water and 

lipids at the interface is reflected in a large surface tension between the lipids polar head 

groups and the non-polar tails. However, pressure nearby serves to balance this tension, 

allowing the bilayer to self-assemble into a stable structure. This structure is disturbed by the 

presence of proteins in the proximity of lipids. Hence, altering the force profile by membrane 
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stretch or by lipid or protein displacement may make it more energetically favorable for the 

protein to adopt a different conformation. Besides external force, the composition of the 

membrane itself can alter the force profile. The prokaryotic MscL channel has been shown to 

be rather unselective regarding its lipid environment; MscL functions in bilayers made of 

ordinary lipids with charged or uncharged head groups, saturated or unsaturated tails and in 

various mixtures. However, application of cone-shaped amphiphilic substances such as AA 

results in the distortion of the membrane profile which modified the activity of MscL and MscS 

channels (Martinac et al., 1990). Other ways to alter the membrane force profile would include 

solubilization of the membrane, addition of lipid-soluble agents like the anesthetics procaine 

and tetracaine or heat-induced bilayer rearrangement (for review see Yoshimura and Sokabe, 

2010). 

Changing the lipid composition might also alter the electrical charge of the membrane. For 

example, depletion of phosphatidylinositol (3,4)-bisphosphate (PIP2) into phosphoinositol 

phosphate (PIP) decreases the negative surface potential of the plasma membrane. This in 

turn can affect the proximate cation environment thereby affecting conformation and 

adaptation of mechanosensitive proteins (Hirono et al., 2004). 

6.2 Role of the cytoskeleton 

The cytoskeleton is composed of filaments, such as F-actin, intermediate filaments and 

microtubules. The cytoskeleton and proteins residing within the membrane are known to 

reciprocally influence each other (for review see Herve, 2014). Altering cytoskeletal properties 

will therefore ultimately affect mechanosensitive proteins in the plasma membrane as well. 

Cytoskeletal filaments are stable over minutes and hours thereby providing a mechanical 

continuity to the mechanosensing machinery. This continuity allows forces to propagate 

relatively long distances within the cells, although the general trend for forces is to decrease 

over distance. For instance, mechanical pulling at integrins has long-distance effects, which 

are transmitted by F-actin, microtubules and intermediate fibers (Hoffman et al., 2011; 

Matthews et al., 2006). On the one hand, tethering elements to the cytoskeleton is needed to 

provide structure to transduction units; on the other hand, stretching of actin stress fibers can 

also activate channels on the plasma membrane itself. By using optical tweezers, Hayakawa 

et al. (2008) could activate mechanosensitive channels near focal adhesions in cultured human 

umbilical vein endothelial cells. This study provides direct evidence that the cytoskeleton works 

as a force-transmitting device to activate channels in eukaryotic cells. To the contrary, cortical 

F-actin cytoskeleton can also exert a tonic inhibitory effect on mechanosensitive ion channels 

presumably by decreasing the radius of curvature of microdomains, leading to a decrease in 

membrane tension and stretch-activated channel activity (Hamill and McBride, 1997). Actin-

mediated decrease in mechanosensitivity has been shown for the TWIK-related arachidonic 
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acid-stimulated potassium channel (TRAAK), that becomes more sensitive to mechanical 

stimulation once the actin cytoskeleton is disrupted (Maingret et al., 1999a). 

6.3 Role of the extracellular matrix 

Extracellular matrix proteins are primary molecules in vertebrate cells that provide structural 

and biochemical support to cells thereby regulating many cell processes like focal adhesion, 

cell-to-cell communication, differentiation or transition and absorption of mechanical load. 

Integrins are heterodimeric glycoproteins that span the membrane and link the extracellular 

matrix to the intracellular environment. Integrins have been implicated in multiple 

mechanotransduction processes including response to stretch, elevated hydrostatic pressure, 

fluid shear stress and osmotic forces (for review see Katsumi et al., 2004). Whether integrins 

act as direct mechanosensors or whether they function as transducer of the mechanical force 

is still under debate. Additional facets arise from numerous studies showing that increasing the 

force on integrin-containing adhesions results in the strengthening and enlargement of the 

adhesions (for review see Schwartz and DeSimone, 2008). This process involves 

conformational changes of the integrins themselves as well as recruitment of cytoskeletal 

proteins to the integrin-mediated connection, thus further increasing the difficulty to pinpoint 

the physiological role of integrins in mechanosensation. 

Next to integrins, the one transmembrane spanning cadherins have also been implicated in 

mechanosensing. Cadherins appear to possess the features needed for force-dependent 

adhesion strengthening similar to integrins (for review see Schwartz and DeSimone, 2008).  
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7. Candidates for mechanosensitive proteins 

The mechanism of mechanosensation has originated very early in evolution and is already 

present in bacteria and archaea. In these organisms, mechanosensitive channels are needed 

to protect the cells from osmotic shock. In higher organisms, highly specialized sensory cells 

are involved in the sensation of hearing, proprioception and touch. But every cell seems to be 

capable of mechanical stress sensation and integration of the stimulus into short-term and 

long-term effects. There is growing evidence that a wide array of membrane-bound proteins 

are involved in mechanosensation including GPCRs, integrins, membrane-bound enzymes 

and ion channels (Figure 6). The following section provides an overview over the latest 

literature of proteins involved in mechanosensation. 

 
Figure 6: Potential mechanosensors in different cell types. Adapted from Storch et al., (2012). 

These proteins have been proposed to be activated by membrane stretch or by fluid shear stress. 

Possible mechanosensors are highlighted in color and non-mechanosensitive proteins in gray. 

Abbreviations: TRP = transient receptor potential; Gq/11PCRs = Gq/11 protein coupled receptors; PLC = 

phospholipase C; PLA2 = phospholipase A2; AA = arachidonic acid; AC = adenylyl cyclase; PIP2 = 

phosphatidylinositol 4,5-bisphosphate; IP3 = inositol trisphosphate; DAG = diacylgylcerol; Src = Src 

tyrosine kinase; cAMP = adenosine 3-,5-cyclic monophosphate; ATP = adenosine-5-triphosphate; Piezo 

= Piezo1 and Piezo 2, a newly discovered mechanosensitive cation channels; TREK-1 = TWIK-related 

potassium channel; Deg = degenerin; ENaC = epithelial sodium channel. 
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7.1 G protein-coupled receptors 

GPCRs are a huge class of seven transmembrane spanning receptors that sense outside 

stimuli and convert them to intracellular signals. Mammalian genomes encode more than 1000 

GPCRs. Most of them transduce sensory stimuli like olfactory and gustatory stimuli, while 

others can be activated by light, hormones, neurotransmitters, or paracrine factors. Activation 

of GPCRs causes conformational changes in the GPCR resulting in activation of the 

associated heterotrimeric G proteins. Depending on the coupled Gα protein (Gs, Gq/11, Gi/o, 

G12/13), the activated guanosine-5'-triphosphate (GTP)-bound Gα-subunit subsequently 

dissociates from the βγ-subunit resulting in distinct intracellular signaling. GPCRs have various 

functions in many physiological processes like inflammation, cell growth and differentiation (for 

review see Wettschureck and Offermanns, 2005). Recently, GPCRs have been appreciated 

as mechanosensitive proteins. Best characterized is the Gq/11-coupled angiotensin II receptor 

(AT1), which was shown to be activated by an agonist-independent pathway upon mechanical 

stimulation thereby mediating stretch-induced hypertrophy in cardiac myocytes (Zou et al., 

2004). Additionally, AT1 receptors were identified as mechanosensors mediating myogenic 

tone (Mederos y Schnitzler et al., 2011; Mederos y Schnitzler et al., 2008). Growing evidence 

points to GPCRs as intrinsically mechanoperceptive proteins, since studies using inter- and 

intramolecular Förster resonance energy transfer (FRET) showed that GPCRs adopt a 

different conformation upon mechanical stimulation (Candelario, 2012, Chachisvilis et al, 2012, 

for review see Mederos y Schnitzler et al., 2008). For instance, the Gq/11 protein-coupled 

bradykinin B2 receptor expressed in bovine aortic endothelial cells was shown to change its 

conformation upon application of hypotonic solution or shear stress (Chachisvilis et al., 2006). 

Similar results have been found for many other GPCRs including the Gs- and Gq/11 protein-

coupled parathyroid hormone type 1 receptor (PTH1R) (Zhang et al., 2009). Activation of 

proteins by mechanical forces and agonists may or may not activate distinct protein 

conformations and thereby activation of different downstream signaling cascades. For the AT1, 

the mechanically induced conformation was distinctly different from its agonist-induced 

conformation when modeled after the rhodopsin crystal structure (Yasuda et al., 2008). In 

another study, it was shown that G protein activation was not essential for mechanically 

induced activation enhancing the notion that GPCRs have distinct mechanically and agonist-

induced receptor conformations (Rakesh et al., 2010).  

7.2 Membrane-bound enzymes 

Key components in the process of mechanotransduction are speed and sensitivity. Most 

enzyme reaction rates are several orders of magnitude faster than the time needed to activate 

receptors or ion channels. Therefore, it seems reasonable that enzymes are primary targets 

of mechanical forces since they can rapidly convert mechanical stimulus into an adaptive 
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response. Until now, several enzymes have been implicated in mechanoperception including 

the membrane-bound phospholipase A2 (PLA2), phospholipase C and D (PLC and PLD) and 

tyrosine kinases of the Src family.  

PLA2 catalytic activity was shown to be modulated by osmotic swelling of large unilamellar 

vesicles (Lehtonen and Kinnunen, 1995). Additionally, it was shown that PLA2 was 

mechanically activated in human embryonic kidney (HEK293) cells and aortic myocytes 

leading to a TRPC6 activation in presence of the muscarinic type 5 receptor (Inoue et al., 

2009). In skeletal muscles, direct mechanical activation did not only activate PLA2, but also 

PLD while PLC could not get activated with direct mechanical stimulation (Vandenburgh et al., 

1993). In contrast to the findings in skeletal cells, PLC could get activated in cerebral rat 

arteries using increased vascular pressure (Jarajapu and Knot, 2002) as well as in mesangial 

cells using helium gas to generate pressure in a sealed chamber (Kato et al., 1999). Pressure-

induced activation in mesangial cells did not only modulate PLC but also tyrosine kinase 

activity. While PLC is probably indirectly activated by mechanical stimulation through activation 

of Gq/11PCRs, the mode of PLA2.activation remains to be investigated.  

The tyrosine kinase of the Src family has also been implicated in mechanoperception. Src is a 

known regulator of the integrin-cytoskeleton interaction and was mechanically activated in 

mesangial cells by pressure and human umbilical vein endothelial cells by using optical 

tweezers (Wang et al., 2005). Additionally, cell swelling-mediated contraction of tail arteries 

isolated from rats was shown to be Src-dependent. However, neither heterologous nor 

endogenous expression of Src was sufficient to cause a mechanotransducing effect in HEK293 

cells (Mederos y Schnitzler et al., 2008). Therefore, it remains to be investigated whether 

tyrosine kinases play a role as direct or indirect mechanosensors. 

7.3 Ion channels 

Fast mechanosensitive responses are commonly thought to be directly mediated by 

mechanosensitive ion channels since the transduction time is too rapid to involve secondary 

messengers. Ion channels open with a latency of less than 5 ms and amplify the signal by 

conducting various ions (Arnadottir and Chalfie, 2010). Genetic screens and localization 

studies in bacteria and simple organisms like C. elegans and Drosophila have led to important 

progress in the identification and understanding of the molecular basis of mechanosensation. 

These studies have identified several ion channels including the MscL, Deg/ENaC and TRP 

channels as molecular components of mechanotransduction units, which directly perceive 

mechanical stimuli. However, the identification of mammalian mechanosensitive channels has 

been far more challenging, because mammalian channels might require a complex 

architecture of auxiliary subunits. Additionally, application of a physiologically matched 

stimulus in laboratory settings is difficult. Despite the difficulties, recent years have shed light 
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on the identity of mammalian mechanosensitive ion channels like Piezos and TMC proteins, 

although mechanical gating mechanisms of mechanosensitive ion channels are still largely 

elusive. An overview of all candidates presented here, their mode of mechanical activation 

including the relevant literature is given in Supplementary Table 1.  

Bacterial channels  

The first characterized channels directly gated by mechanical stimuli are the bacterial ion 

channels MscL (large conductance mechanosensitive channel with 3 nS), MscS (small 

conductance mechanosensitive channel with 1 nS) and MscM (mini conductance 

mechanosensitive channel with 0.3 nS). MscL and MscS begin to open at membrane tensions 

of 9.0 and 5.0 mN • m-1, respectively (Sukharev, 2002). This tension is close the tension 

needed to rupture the bacterial membrane. Therefore, these channels are likely needed to 

relieve turgor pressure upon osmotic shock. The best characterized channel MscL shares no 

sequence homology with known voltage-gated or ligand-gated ion channels although many 

bacteria and archaea express it. The crystal structure of MscL was resolved in the closed state 

by X-ray crystallography to 3.5 Å and showed that MscL has two transmembrane domains 

(TMs). Both N- and C-terminus face the cytoplasmatic side (Chang et al., 1998). MscL arrange 

itself into pentamers. The open state of MscL has a large water filled pore of 25 Å in diameter 

that is lined by all five TM1 subunits. Several studies showed that MscL undergoes a large 

conformational change and likely opens like the iris of the lens, such that TM1 helices tilt with 

respect to the membrane plane and causes the channel to flatten (Betanzos et al., 2002; 

Perozo et al., 2002a). The mechanism of mechanotransduction is still unknown but clearly 

depends on local and global asymmetries in the membrane tension profile at the lipid-protein 

interface. Studies that varied the thickness of the bilayer or added compounds that induce 

spontaneous membrane curvature directly impact the tension required to open MscL (Perozo 

et al., 2002b). Additionally, mutating amino acids that contribute to the protein-lipid interactions 

resulted in a loss-of-function phenotype (Yoshimura et al., 2004). These data support the 

hypothesis of a directly lipid-dependent mechanogated ion channel that does not depend on 

anchorage to extra- or intracellular components in order to sense mechanical stimuli. In 

contrast to MscL, the MscS channel is voltage-dependent (Martinac et al., 1987). The crystal 

structure of an open state MscS at a 3.9 Å resolution revealed that the channel is a heptamer, 

with each subunit containing three TMs. TM3 lines the pore of the channel, whereas TM1 and 

TM2 helices likely constitute the sensors for membrane tension and voltage (Bass et al., 2002). 

More specifically, membrane-embedded arginines in TM1 and TM2 are likely candidates for 

tension and voltage sensors. Although the structure and function of MscL and MscS are not 

yet fully understood, they provide useful information about mechanotransducing mechanisms, 

but unfortunately there is no eukaryotic counterpart.  
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Degenerin/Epithelial sodium channels  

Another well-studied mechanosensitive ion channel comes from the Deg/ENaC family. In 

vertebrates, amiloride-sensitive ENaCs are hetero-oligomers of unknown stoichiometry. In 

most epithelia, it is composed of α-, β- and γ-subunits which share 30% sequence identity (Duc 

et al., 1994). The secondary structure and membrane topology contains two transmembrane 

domains TM1 and TM2 with intracellular N- and C-termini and is therefore similar to those of 

bacterial MscL and the adenosine 5’-triphosphate (ATP)-gated purinergic channels (Arnadottir 

and Chalfie, 2010). ENaC channels are expressed in many different organs and tissues, where 

they fulfill various functions including acid sensing (Kellenberger and Schild, 2002).  

Deg/ENaC is a mechanosensitive ion channel complex, that was first discovered in C. elegans 

larvae, that were impaired in the sensation of gentle touch (Chalfie and Sulston, 1981). The 

conducting ion channels are composed of the proteins MEC-4 and MEC-10, which contribute 

to the pore of the channel complex. MEC-4 and MEC-10 cluster with their associated 

components, that are evenly spaced along the worm’s microtubular processes. Among the 

MECs are extracellular proteins like MEC-9, which are thought to act as the gating spring, the 

β-tubulins MEC-7 and the α-tubulins MEC-12 and the integral membrane protein MEC-2. MEC-

2 belongs to the stomatin family and contains several PDZ domains and is thought to connect 

the channel to microtubules (Bianchi, 2007; Bounoutas and Chalfie, 2007; O'Hagan et al., 

2005; Wang et al., 2009). A sequence homology of the gating channels MEC-4 and MEC-10 

with the bacterial MscL or MscS channels was not found, though a structural homology is likely. 

However, a crystal structure of the MEC complex is not yet available.  

The identification of MEC-4 as a mechanotransduction molecule has led to the hypothesis of 

a general Deg/ENaC channel mechanosensitivity. Although several candidates have been 

proposed, evidence regarding the mechanoregulating role of ENaC is conflicting (Arnadottir 

and Chalfie, 2010). The Drosophila Deg/ENaC protein pickpocket1 has also been proposed 

as a mechanosensory protein (Arnadottir and Chalfie, 2010). The protein is located in sensory 

dendrites of mechanoreceptors, but loss of pickpocket1 did not result in a touch-insensitive 

phenotype (Ainsley et al., 2003). Instead, loss of pickpocket1 caused an increase in crawling 

speed and an unusual straight path, suggesting a role of pickpocket1 in proprioception (Ainsley 

et al., 2003; Arnadottir and Chalfie, 2010).  

The data regarding mammalian ENaC channel is contradictory: while some groups reported 

mechanical activation of reconstituted ENaC in liposomes (Awayda et al., 1995), later studies 

could not verify these results (Awayda and Subramanyam, 1998). It is clear however, that 

mammalian ENaC activity can be modulated by mechanical stimulation in particular by fluid 

shear stress in the kidney (Althaus et al., 2007; Carattino et al., 2004; Satlin et al., 2001; Shi 

et al., 2011). However, the response time to shear stress was in the range of several seconds 

(Carattino et al., 2004) arguing against a direct mechanosensitivity of ENaC.  
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Other ENaC channel family members, that were suggested to have mechanosensitive 

properties, belong to the acid-sensing ion channels (ASICs) family. Several studies using 

various combinations of ASIC1, ASIC2 or ASCI3 gene-deficient mice showed that transgenic 

mice without any ASIC currents were more sensitive to mechanical and chemical pain, 

supporting only a regulatory role of ASIC channels in mechanotransduction (Mogil et al., 2005; 

Page et al., 2005; Price et al., 2001). Altogether, while the function of Deg/ENaC in C. elegans 

as mechanoperceptive ion channel complex has been convincingly shown, the function of 

mammalian ENaC channels is much less convincing. It is possible that mammalian ENaC 

channels have lost their mechanoperceptive properties during evolution or the studies provided 

so far have not yet matched the circumstances required for proper mechanoperception of 

mammalian ENaC channels.  

Volume regulated anion channel 

Volume regulated anion channels (VRAC), also known as volume sensitive organic anion 

channels (VSOACs) and volume activated chloride channels (VACCs) are activated by cell 

swelling thereby counteracting the osmotic imbalance between interior and exterior milieu. 

VRACs are ubiquitously expressed by mammalian cells and can be measured 

electrophysiologically as large conductance chloride channels that are dependent on 

intracellular ATP (Nilius et al., 1996). The molecular identity of VRAC has long been elusive 

and various proteins have been proposed as molecular candidates for VRACs including 

chloride channel protein 2 and 3 (ClC-2 and ClC3), membrane protein phospholmann, chloride 

conductance regulatory protein (ICln) and P-glycoprotein. All of which have been excluded as 

VRAC over time (summarized in Nilius and Droogmans, 2003, Nilius et al., 2000 and Nilius et 

al., 1996). 

However, two independent recent studies provided convincing evidence of the new chloride 

channel family leucine-rich repeat–containing 8 (LRRC8) as an essential component of VRAC 

(Qiu et al., 2014; Voss et al., 2014). To identify VRAC, both studies used a ribonucleic acid 

interference (RNAi) fluorescence assay for hypotonicity-induced iodide influx. Only short 

hairpin RNA (shRNA) against LRRC8A could robustly suppress VRAC activity in both studies. 

LRRC8A has four closely related homologs (LRRC8B to LRRC8E), which all have four 

predicted transmembrane domains (N- and C-terminal reside inside). Interestingly, 

overexpression of LRRC8A rather decreased VRAC activity, prompting Voss and coworkers 

(2014) to investigate heteromeric channel assembly. Interestingly, only disruption of the 

LRRC8A gene or simultaneous disruption of multiple LRRC8 genes did abolish VRAC 

currents. In cells with no functional copy of either LRRC8 isoform, VRAC activity was 

completely abolished and could not be rescued by overexpression of LRRC8A. Reconstitution 

of currents with similar anion permeability as VRAC was only observed when LRRC8A was 
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co-expressed with either LRRC8C or LRRC8E. Like VRAC currents, LRRC8 proteins are found 

in vertebrates but not in other phyla such as arthropod, supporting the hypothesis of LRRC8 

being an essential component of VRAC. Qiu et al. (2014) provided additional evidence of 

LRRC8A indeed being part of the VRAC channel pore and not an indirectly-regulating subunit: 

A threonine at position 44 within LRRC8A strongly suppressed VRAC currents when modified. 

Both studies provide strong evidence for LRRC8 being at least a regulatory subunit of VRAC: 

First, LRRC8A expression is essential for endogenous VRAC currents in various cell types. 

Second, LRRC8A is expressed in the plasma membrane and is broadly expressed in animal 

cells as would be expected from an ubiquitously expressed channel. Third, the point mutation 

T44 alters VRAC pore properties. However, additional research is needed to support the 

hypothesis of LRRC8A being part of the pore unit instead of being a regulatory subunit, and to 

investigate how LRRC8 proteins sense volume changes. So far, it is unclear whether LLRC8A 

responses to changes in macromolecular crowding, to changes in ionic strength over the 

membrane or to altered lateral pressure profiles.  

Piezo channels  

Recently, two new proteins named Piezo1 and Piezo2 (also known as Fam28a and Fam28b 

respectively) were suggested to be the first eukaryotic mechanically activated cation channels 

(Coste et al., 2010). Piezos are integral membrane proteins that span the membrane 24 to 36 

times and are highly evolutionary conserved. Piezos are widely expressed in various tissues 

including bladder, colon, skin and lung (Coste et al., 2010). Piezo was found using an RNAi 

approach that screened cells patched in the whole-cell configuration and subjected to force 

applied via a piezo-driven probe. Knock-down of Piezo1 caused a pronounced decrease of the 

observed currents (Coste et al., 2010). Overexpression of Piezo1 and its homologue Piezo2 

in HEK293 resulted in large mechanically activated currents very similar to the endogenous 

currents observed in earlier cell lines. In order to confirm that Piezo1 is indeed part of the 

channel pore and not an auxiliary subunit, the group of Patapoutian (2012) successfully 

blocked Piezo1-mediated currents with ruthenium red. Furthermore, they demonstrated that 

Piezo1 assembles into tetramers with no evidence of an additional protein being present in this 

complex (Coste et al., 2012). These data support the notion of Piezo1 indeed being a novel 

mechanosensitive cation channel. Furthermore, reconstitution of Piezo1 in artificial bilayers 

formed a ruthenium red-sensitive cation-permeable channel (Coste et al., 2012). Drosophila 

melanogaster flies deficient of their only Piezo copy dmPiezo were shown to be insensitive to 

noxious stimulation that ranged from 2 to 60 mN demonstrating a severe response deficit (Kim 

et al., 2012). However, knock-out of dmPiezo was not sufficient to completely abolish 

nociception, which could only be achieved by double knock-out of dmPiezo and the ENaC 

channel pickpocket1 (Kim et al., 2012). Recently, it was shown that Piezo1 might be activated 
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by fluid shear stress as well. Ranade et al. (2014) showed that Piezo1 is essential for vascular 

remodeling, since loss of Piezo1 in mice is embryonic lethal due to defects in vascular 

development. Altogether, evidence points to Piezo1 being a direct mechanoperceptive ion 

channel for the following reasons: First, Piezo1 is expressed in sensory tissues like lung, 

bladder or skin and in sensory cells like Merkel cells and sensory neurons. Second, 

overexpression of Piezo1 results in mechanically activated channel activity with distinct 

biophysical and pore-related properties while knock-down of Piezo1 channels abrogates 

endogenous mechanosensitive ion channel activity. Third, isolated Piezo tetrameric 

complexes do not contain detectable amounts of other channel-like proteins and are pore-

forming by themselves. Finally, purified Piezo1 reconstituted into artificial lipid bilayers gives 

rise to cation conductance.  

 While the above mentioned studies strongly support the notion of Piezo1 being an 

inherent mechanoperceptive ion channel, the mechanosensitive characteristics of Piezo2 are 

less understood. Several studies demonstrated the importance of Piezo2 in the sensation of 

touch and proprioception (Coste et al., 2013; Eijkelkamp et al., 2013; Ikeda and Gu, 2014; 

Schrenk-Siemens et al., 2014; Woo et al., 2014), but insight into the gating mechanisms is still 

lacking. Woo et al. (2014) reported that mice deficient of Piezo2 in the skin showed reduced 

firing rates upon mechanical stimulation and decreased behavioral response to gentle touch. 

Likewise, Ikeda and coworkers (2014) demonstrated that Merkel cells in rat whisker hair 

follicles are responsive to mechanical stimulation that were dependent on Piezo2. Next to 

Merkel cells, Piezo2 is expressed in both nociceptors and low threshold mechanoreceptors 

(LMTRs). Schrenk-Siemens et al. (2014) recapitulated sensory neuron development in vitro 

and generated LTMRs from human embryonic stem cells (hES) and inducible pluripotent cell-

derived neurons (iPS). Rapid membrane indentation elicited robust rapidly adapting currents 

in hES cell-derived or iPS cell-derived neurons (Schrenk-Siemens et al., 2014). These currents 

could be blocked by ruthenium red and were absent in Piezo2-/- neurons. All above mentioned 

studies suggest that Piezo2 is essential for fast mechanotransduction in touch receptors. 

However, in contrast to Piezo1, Piezo2 seems to depend on the integrity of the cytoskeleton 

for proper mechanical gating. Eijkelkamp et al. (2013) showed that disruption of the actin- or 

microtubule cytoskeleton increased the threshold for Piezo2 activation. To the contrary, Piezo2 

currents could be potentiated by activation of the cAMP-sensor Epac1, or by increased 

intracellular calcium concentrations (Eijkelkamp et al., 2013). In vivo data from this research 

group demonstrated that the Epac1-Piezo2 axis induces long-lasting allodynia that is 

prevented by the knockdown of Epac1 and attenuated by mouse Piezo2 knock-down. Piezo2 

knock-down also enhanced thresholds for light touch, a phenotype inconsistent with the 

hypothesis of Piezo2 being a mechanosensor in touch neurons although it clearly indicates the 

importance of Piezo2 in touch and pain sensation. Recently, two gain-of-function mutations of 
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mutations in Piezo2 in patients with Distal Arthrogryposis Type 5 (DA5) were found by Coste 

et al. (2013). The authors suggest that DA5 is likely the result of altered behavior of stretch 

sensors like muscle spindles and Golgi tendon organs that are important for proprioception 

and muscle tone due to Piezo2 over-activation confirming a role of Piezo2 in sensory 

perception.  

In summary, the data for a direct mechanoperceptive Piezo2 channel seems less convincing 

when compared to its homologue Piezo1: First, although Piezo2 expression results in 

mechanosensitive ion channel conduction and Piezo2 is expressed in sensory neurons like 

DRG and Merkel cells, knock-down of Piezo2 alters—but not abolishes—the sensation of 

touch and pain. Second, Piezo2 function is dependent on the integrity of the cytoskeleton 

suggesting that Piezo2 function requires auxiliary subunits. This argues against Piezo2 as an 

inherently mechanoperceptive ion channel. Future research will have to show if and how 

Piezo2 responses to pressure or whether additional regulatory subunits are required.  

Transmembrane channel-like proteins  

Tmc1 and tmc2 genes encode integral membrane proteins containing six transmembrane 

domains and cytosolic N- and C-termini with a topology much like the Kv- and-TRP superfamily 

(Labay et al., 2010). TMC1 is expressed in mouse vestibular and cochlear hair cells and 

localizes to stereocilia tips while TMC2 is only expressed in vestibular systems in adult mice 

(Kawashima et al., 2011). Mutations of TMC1 are known to cause hearing loss in humans and 

mice, but there is no evidence of vestibular dysfunction associated with TMC1 (Kurima et al., 

2002; Vreugde et al., 2002). This led to the hypothesis of TMC1 proteins being the transducing 

channels in inner ear hair cells. Recent findings in C. elegans TMC1 mutant worms support 

the notion of TMC1 proteins being non-selective cation channels when heterologously 

expressed in cells (Chatzigeorgiou et al., 2013). However, the Beethoven (Bth) and deafness 

(dn) mutations in TMC1 present normal mechanotransduction currents in mouse inner hair 

cells (Marcotti et al., 2006) while double TMC1- and TMC2-deficient mice are deaf and have a 

profound vestibular dysfunction (Kawashima et al., 2011). Interestingly, exogenous expression 

of either TMC1 or TMC2 rescued mechanotransduction of double-deficient mice indicating a 

functional redundancy of TMC1 and TMC2 proteins that may have accounted for normal 

mechanotransduction in Bth- and dn-mutations in TMC1. To investigate the hypothesis that 

TMC1 or TMC2 are indeed components of the cation conduction channel in hair cells, Pan et 

al. (2013) recorded currents from cochlear mouse hair cells with altered TMC expression. 

Single disruption of either tmc1 or tmc2 genes only suppressed current amplitudes while 

double disruption completely abolished mechanotransduction confirming a redundancy of 

TMC1 and TMC2. Interestingly, cells with a Bth-mutation (substituting methionine to lysine at 

residue 412) in TMC1 and no functional copy of TMC2 had higher current amplitudes. These 
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findings suggest that the Bth-mutation in TMC1 is a change-of-function mutation with altered 

core properties. Indeed, significant reductions in calcium permeability and adaptation time 

constants were observed in inner hair cells carrying the Bth-mutation. The higher current 

amplitudes found in whole-cell recordings are likely due to the higher expression of Bth-TMC1 

channels. But how is TMC1 activated in hair cells? This question is still open, although a study 

from Chatzigeorgiou et al. (2013) showed in C. elegans that TMC1-deficient worms are 

impaired in salt-avoidance but had normal responses to touch, hypertonicity and chemical 

repellents, indicating a specific role in salt sensation rather than a role in mechanosensation.  

In summary, the TMC-disruption and -mutation studies in mice support the notion that 

TMC1 proteins are regulatory components of the mechanosensitive hair channel. However, 

studies using reconstituted TMC1 channels subjected to mechanical stress are lacking, 

questioning whether TMC1 is indeed inherently mechanoperceptive. To the contrary, the 

findings in C. elegans argue against TMC1 as direct mechanosensor involved in the sensation 

of touch or osmolarity.  

Potassium two pore channel family  

The tandem K2P has four predicted transmembrane domains with intracellular N- and C-termini. 

K2P channels contain two putative pore forming regions and form hetero- and homodimers 

(Honore, 2007). Three family members are likely sensitive to membrane stretch: TREK-1 

(TWIK-Related potassium channel 1), TREK-2 (TWIK-Related potassium channel 2) and 

TRAAK (TWIK-related arachidonic acid-stimulated potassium channel).  

TREK-1 (K2P2.1) is a background outward rectifier potassium channel widely distributed in 

multiple tissues with high levels in several brain regions including the olfactory bulb, the 

hippocampus and the cerebellum. Initial reports demonstrated that membrane stretch elicits 

TREK-1 activity in the cell-attached configuration as well as in inside-out patches with a half-

maximal activation of -23 mmHg stretch (Patel et al., 1998). The latency of activation is a few 

milliseconds, suggesting that TREK-1 channels are likely directly gated by mechanical stimuli. 

Furthermore, insertion of the polyunsaturated fatty acid AA into one side of the membrane 

elicits channel opening in a PLA2-independent manner. Next to membrane stretch, TREK-1 

can also get activated using laminar shear stress and by changes in osmolarity (Patel et al., 

1998). Interestingly, the TREK-1 pressure-activation curve can be shifted to the left by internal 

acidification leading to constitutive channel opening at atmospheric pressure under mild 

internal acidification (Maingret et al., 1999b). Two independent researcher groups 

reconstituted TREK-1 channels into liposomes (Berrier et al., 2013; Brohawn et al., 2014). 

While Berrier et al. (2013) found that TREK-1 was already fully activated when measured in 

inside-out patches and could be completely and reversibly closed by positive pressure, 

Brohawn and coworkers (2014) reported reversible activation of purified TREK-1 channels in 
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proteoliposomes by positive and negative pipette pressure regardless of the orientation of the 

channels inside the lipid bilayer with very low mechanical threshold (0.5–4 nN • m-1). 

Physiologically, the mechanosensitivity of TREK-1 channels might be needed to balance the 

action of a yet unknown depolarizing mechanosensitive ion channel involved in touch 

sensation. This would explain why TREK-1-/- mice are more sensitive to low threshold 

mechanical stimuli and display an increased thermal and mechanical hyperalgesia (Alloui et 

al., 2006). The activity of both mechanosensors would determine the mechanical sensation 

and the sum of both mechanosensor responses would regulate the downstream effect (Alloui 

et al., 2006). 

Like TREK-1, TREK-2 (K2P10.1) is an outward rectifying background potassium channel that is 

expressed mainly in cerebellum, spleen, and testis. A number of cell types, including cerebellar 

granule neurons, dorsal root ganglionneurons and cortical astrocytes express TREK-2, where 

TREK-2 stabilizes the resting membrane potential. TREK-2 shares a 65% sequence homology 

with TREK-1. TREK-2 channels exhibit small and large conductance phenotypes, but both 

phenotypes are strongly stimulated by AA, intracellular acidification and membrane stretch 

with an half open probability of approximately -50 mmHg in inside-out and cell-attached 

patches (Bang et al., 2000). Like TREK-1, TREK-2 is more susceptible to negative pressure 

suggesting that a specific membrane deformation (convex curving) preferentially opens these 

channels (Patel et al., 2001).  

TRAAK (K2P4.1) is another two pore potassium channel that shows mechanotransducing 

properties (Lesage et al., 2000; Maingret et al., 1999a). Like TREK-1 and TREK-2, TRAAK is 

sensitive to AA, but TRAAK is exclusively expressed in neuronal tissues including brain, spinal 

cord, and retina. Additionally, TRAAK lacks sensitivity to cAMP and to internal pH modifications 

(Maingret et al., 1999a). TRAAK channels expressed in mammalian cells open when a 

negative pressure is applied to the patch pipette in the inside-out and cell-attached 

configuration or when a convex curvature of the plasma membrane is induced by addition of 

the crenator TNP (Maingret et al., 1999a). Interestingly, disruption of the actin cytoskeleton 

results in strongly enhanced open probability and the threshold of mechanical stimulation 

drops from -70 to -20 mmHg (Maingret et al., 1999a). In a recent study, purified TRAAK was 

reconstituted in liposomes and recorded in the inside-out configuration. TRAAK channel 

activity could be evoked by application of positive and negative pipette pressure, suggesting a 

direct mechanism of mechanical gating without the involvement of tethers (Brohawn et al., 

2014). Similar to TREK-1, TRAAK has a low threshold of activation (0.5–4 nN • m-1), 

suggestive of a broad mechanosensory ability.  

In summary, there is good evidence that the K2P channels TREK-1 and TRAAK have inherent 

mechanosensitive properties. Both channels were successfully reconstituted into artificial 

liposomes by two independent groups and showed low thresholds for mechanical activation 
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(Berrier et al., 2013; Brohawn et al., 2014). Although matters are less convincing for TREK-2, 

the patch-clamp experiments and the high similarity of TREK-2 with TREK-1 suggest a similar 

gating mechanism of TREK-2. Interestingly, truncation of the carboxyl terminus of either one 

of the three K2P channels abolishes mechanogating, clearly demonstrating that their C-

terminus is essential for sensing the mechanical stimulation (Honore et al., 2002; Maingret et 

al., 2002).  

Transient receptor potential channels 

The TRP are members of a superfamily of hexahelical cation channels. Both termini face the 

inside of the cell and the single pore domain is thought to be located between segments five 

and six. TRPs can be further subdivided into the subfamilies canonical TRPs (TRPCs), 

melastatin-related TRPs (TRPMs), vanilloid TRPs (TRPVs), polycystin TRPs (TRPPs), 

mucolipin TRPs (TRPMLs), ankyrin TRPs (TRPAs, only one family member), NompC-like TRP 

(TRPNs) and yeast TRPs (TRPYs). TRP channels are usually non-selective for various cations 

and are expressed in neuronal and non-neuronal cells with various roles in sensory functions 

like hearing, vision, taste, olfaction and thermosensation (Clapham et al., 2001; Montell, 2005). 

The subunits arrange into homo- and heterotetramers and can be activated by various modes 

including activation of PLC-activating receptors, chemical or thermal activation, or modulation 

of intracellular calcium concentrations. In recent years, several TRPs have been suggested as 

mechanically activated channels.  

Yeast transient receptor potential channels 

Yeast releases calcium from their vacuole into the yeast cytoplasm on osmotic shock. The 

underlying calcium-permeable channel is thought to be TRPY1, since recordings of TRPY1-

deficient vacuole showed that no calcium was released upon hyperosmotic or mechanical 

challenge (Palmer et al., 2001; Zhou et al., 2003). Whether TRPY1 is activated directly or 

indirectly through mechanical stress is unsettled, but TRPY1-like function could be restored in 

TRPY1-deficient yeast using the fungal homologues TRPY2 or TRPY3 (Zhou et al., 2005). 

Due to the evolutionary distance of fungal and yeast TRPYs, the authors suggest a rather 

direct mode of activation, because binding of the distant fungal homologue to endogenous 

linking proteins in yeast seems less likely. Interestingly, an aromatic residue Y458 in the sixth 

transmembrane domain close to the internal lipid interface of the membrane was crucial for 

the mechanosensitivity of TRPY1 (Zhou et al., 2007). Moreover, indole and other aromatic 

compounds were shown to activate TRPY1 likely by altering the innate forces in the lipid bilayer 

(John Haynes et al., 2008). It was also reported that a C-terminal cytosolic 30 residues stretch 

renders TRPY1 less sensitive to stretch. In a more recent paper, the TM5-TM6 core of TRPY1 

was uncoupled from the N-terminal TM1-TM4 by strategic peptide insertions that block the 
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covalent core-periphery interactions (Su et al., 2011). The authors suggest that membrane 

tension pulls on TM5-TM6, expanding the core and opening the TRPY1 gate. In summary, the 

patch-clamp experiments of yeast vacuoles provide good evidence that TRPY1 is inherently 

mechanoperceptive. However, the results should be confirmed by independent groups. 

Additionally, mechanical gating of TRPY1 should be examined by reconstitution of TRPY1 in 

artificial bilayers, which was already successfully done by Wada et al. (1987).  

Vanilloid transient receptor potential channels  

The TRPV channel family consists of six mammalian members (TRPV1 to TRPV6) that are 

sensitive to heat, protons and lipid mediators including the TRPV1-activating vanilloid 

capsaicin. TRPV channels have a diverse tissue distribution, while particularly TRPV1 is highly 

expressed in sensory neurons. TRPV channels can be activated by warm temperatures, acidic 

pH and chemical compounds like 4α-phorbol 12,13-didecanoate, citrate, AA and 5’,6’-

epoxyeicosatrienoic acid (EET). The first evidence of a mammalian mechanosensitive TRP 

channel came from studies of the TRPV4 homologue OSM-9 in the nematode C. elegans 

(Colbert et al., 1997). OSM-9 was shown to be expressed in ciliated sensory neurons in the 

frontal end of the worm. Worms deficient of OSM-9 were impaired in their ability to response 

to high osmolarity, nose touch and odorant molecules. Remarkably, substitution of OSM-9 with 

the mammalian TRPV4 rescued the phenotypes of the worms (Liedtke et al., 2000) indicating 

some functional similarity. TRPV4 expressed in heterologous systems could be activated by 

hypotonic stimuli (Liedtke et al., 2000) and fluid shear stress (Gao et al., 2003; 

Hartmannsgruber et al., 2007) while hypertonicity decreased channel activity (Strotmann et al., 

2000). Mice lacking TRPV4 showed reduced regulation of serum osmolarity and sensitivity to 

noxious mechanical stimuli (Mizuno et al., 2003; Suzuki et al., 2003) indicating that TRPV4 is 

indeed osmo- and shearsensitive, although it cannot be activated by membrane stretch 

(Strotmann et al., 2000). More recent evidence suggests that TRPV4 is not directly activated 

by mechanical stimuli but depends on PLA2, which generates AA – and cytochrome P450 

epoxygenase, which metabolizes AA to EET (Vriens et al., 2005). Both metabolites are known 

activators of TRPV4. Most likely, the direct mechanosensor in this system is an isoform of 

PLA2, while TRPV4 is activated downstream of PLA2. Supportive evidence comes from a study 

showing that Deg/ENaC rather than TRPV4 is the mechanosensor in ciliated sensory neurons 

in worms (Geffeney et al., 2011).  

Close homologues of TRPV4, TRPV1 and TRPV2 were also thought to be mechanosensitive 

(ONeil Heller 2005). TRPV1 is expressed in bladder epithelium, where it is essential for 

mechanically-regulated bladder function (Birder et al., 2002). Furthermore, TRPV1 expression 

is high in sensory and osmosensitive neurons. In the hypothalamus, a splice variant of TRPV1 

is essential to osmosensitivity of neurons in the organum vasculosum laminae terminalis and 
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supraoptic nucleus. Neurons isolated from TRPV1-/- mice failed to appropriately respond to 

hypertonic solution (Ciura and Bourque, 2006; Sharif Naeini et al., 2006). Additionally, TRPV1-

deficient mice did not respond to hypertonicity-induced thirst and arginine-vasopressin release, 

suggesting an involvement of TRPV1 in osmosensing. However, evidence showing an inherent 

mechanosensitivity apart from the osmosensing characteristic is still lacking.  

TRPV2 is expressed in aorta, mesenteric and cerebral basilar arteries. Consistent with the 

localization pattern, TRPV2 has been proposed to function as a stretch-sensor in VSMCs 

(Muraki et al., 2003) and has been implicated in membrane stretch-evoked response during 

axon outgrowth (Shibasaki et al., 2010). In aortic VSMCs, knock-down of TRPV2 reduced cell-

swelling-activated non-selective cation currents (Muraki et al., 2003). Additionally, TRPV2 

could be activated by membrane stretch in the cell-attached configuration when overexpressed 

in Chinese-hamster-ovary K1 cells (Muraki et al., 2003). However, its slow activation time may 

also imply the involvement of second messengers.  

Altogether, it seems likely that TRPV channels are osmosensitive but mechanical activation of 

TRPV1, TRPV2 and TRPV4 channels probably involves the generation of second messengers 

like AA and EET that might be generated through mechanical activation of PLA2.  

NompC-like transient receptor potential channels  

Mutational studies with Drosophila melanogaster touch-insensitive larvae that developed into 

profoundly uncoordinated adults have led to the discovery of the new ion channel TRPN that 

is essential for mechanosensory transduction (Walker et al., 2000). TRPN was highly 

expressed in mechanosensory organs of Drosophila and C. elegans and change-of-function 

mutations resulted in the alteration of the mechanotransducing currents (Walker et al., 2000). 

In Drosophila, TRPN1 forms heteromeric channel complexes with the two TRPV homologues 

Inactive and Nanchung. Inactive and Nanchung-mutant flies are deaf, because they lack 

sound-evoked field potentials in the antennal nerve (Gong et al., 2004; Kim et al., 2003). 

Inactive and Nanchung are thought to act downstream of the primary mechanotransducers 

and amplify subthreshold transducer depolarizations (Delmas and Coste, 2013). Lehnert and 

coworkers (2013) used a noninvasive method for monitoring sound-evoked transducer signals 

(Lehnert et al., 2013). Interestingly, mechanical transduction currents in hair cells were 

abolished by deleting either inactive or nanchung but persisted in the absence of TRPN1. The 

authors suggest that transduction and active amplification are genetically separable processes 

in Drosophila hearing and that TRPN1 is necessary for active amplification of sound-evoked 

motion. 

This hypothesis is supported by earlier findings in the zebrafish Danio rerio. Reduction of 

TRPN1 in zebrafish led to hearing defects and impaired mechanotransduction-dependent 

endocytic events (Sidi et al., 2003). However, TRPN accounted only for roughly 90% of the 
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mechanically-induced currents, supporting the hypothesis that TRPN1 acts as an amplifier of 

mechanical stimuli and not as mechanosensory element. 

In C. elegans, the TRPN1 homologue TRP-4 was implicated in proprioception, since loss of 

TRP-4 resulted in defective locomotion and body bending (Li et al., 2006), however no 

mechanism regarding the gating of TPRN1 were revealed.  

In summary, the role of TRPN channels as mechanosensitive ion channels is still obscure. 

Although TRPN1 homologues are expressed in mechanosensory cells of diverse species, loss 

of TRPN1 does not necessarily lead to loss of mechanosensory function. Rather than being 

an intrinsically mechanoperceptive channel, TRPN seems to amplify signals sensed by a 

mechanosensor of yet unknown identity. Mammalian homologues of TRPN have not been 

identified.  

Ankyrin transient receptor potential channels 

Another study with Drosophila mutants has revealed the TRPA1 homologue painless as 

essential protein for noxious stimuli and heat (Tracey et al., 2003). Flies deficient of TRPA1 

did not steer away from noxious stimulation but showed normal behavior to gentle touch. In C. 

elegans, TRPA1 is expressed in several sensory neurons including those that mediate 

cessation of foraging after gentle nose touch (Kindt et al., 2007). C. elegans worms with 

mutated TRPA1 showed impaired mechanosensory behaviors related to nose-touch 

responses and foraging. In mammals, TRPA1 encodes the unusual TRP family member 

TRPA1 that can be activated by noxious cold, pungent natural chemicals including mustard 

oil, and by several environmental irritants (Bandell et al., 2004). TRPA1 contains a long N-

terminus with 29 ankyrin repeats. Ankyin repeats are motifs with a conserved backbone and 

variable residues that mediate specific protein-protein interactions. Performing 

immunohistochemistry, TRPA1 expression was found in the tips of cilia in vertebrate hair cells 

(Corey et al., 2004). Reduction of TRPA1 protein expression diminished transduction currents 

and uptake of channel-permeable fluorescent dye (Corey et al., 2004). Based on these 

findings, TRPA1 appeared a strong candidate for the transduction channel in hair cells. This is 

supported by evidence showing that suction can activate C. elegans TRPA1 expressed in 

mammalian cells (Kindt et al., 2007). The threshold of activation was estimated to be 

approximately 45 mmHg. Additionally, TRPA1 could be activated by the amphiphilic substance 

TNP and by the tarantula toxin GsMTx-4 (Hill and Schaefer, 2007). However, several more 

recent findings argue against TRPA1 as the transduction channel in hair cells. First, 

mechanical transduction currents of hair cells were not affected by the TRPA1 activator (Jordt 

et al., 2004). Second, membrane stretch failed to activate TRPA1 proteins heterologously 

expressed in renal fibroblast COS cells (CV-1 in Origin with SV40 genes) of African green 

monkey Chlorocebus sabaeus recorded in the cell-attached patch configuration (Sharif-Naeini 
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et al., 2008). Third, TRPA1-deficient mice showed normal transduction currents in hair cells 

and balance of TRPA1-/- mice was unimpaired (Bautista et al., 2006; Kwan et al., 2006). 

However, TRPA1-/- mice displayed behavioral deficits in response to mustard oil, to cold and 

to punctate mechanical stimuli suggesting an indirect role of TRPA1 in mechanotransduction 

(Brierley et al., 2011; Kwan et al., 2006; Lennertz et al., 2012).  

Polycystin transient receptor potential channels  

Autosomal dominant polycystic kidney disease (ADPKD) is a very common inherited disease 

caused by mutations in polycystic kidney disease (pkd) genes pkd1 and pkd2. Pkd1 and pkd2 

encode two proteins of the TRPP family TRPP1 and TRPP2 respectively. The much larger 

TRPP1 (polycystin-1, PKD1) is an eleven transmembrane containing protein that has a C-

terminal TRP-like channel domain, although it does most likely not form an ion channel itself 

(Hanaoka et al., 2000). TRPP2 (alternative names: polycystin-2, PKD2) proteins form a non-

selective large conductance cation channel family that is largely expressed in kidney, heart 

and blood vessels. Functional analysis of TRPP2 as an ion channel came initially from 

heterologous studies in chinese hamster ovary (CHO) cells. It was demonstrated that TRPP2 

alone did not reach the plasma membrane but was retained in the endoplasmic reticulum (ER) 

unless co-expressed with TRPP1 (Hanaoka et al., 2000). Naturally occurring mutations in 

either TRPP1 or TRPP2 eliminated their interaction resulting in loss of channel activity of 

TRPP2 due to its retention at the ER. Later studies using oocytes (Vassilev et al., 2001), 

HEK293 cells (Pelucchi et al., 2006) or purified TRPP2 in cell-free systems (Gonzalez-Perrett 

et al., 2001) confirmed that TRPP2 can indeed function as an ion channel at the plasma 

membrane. However, TRPP2 expression at the plasma membrane is strictly regulated in 

several ways including regulation by posttranslational modifications, glucogen synthase kinase 

3 activity, epidermal growth factor receptor activation and interactions with other channel 

subunits like TRPC1 (Tsiokas et al., 1999) and TRPV4 (Kottgen et al., 2008; Ma et al., 2011; 

Tsiokas et al., 2007). TRPP2 expression has been found in the primary cilium of kidney 

epithelial cells (Luo et al., 2003; Nauli et al., 2003; Pazour et al., 2002). An N-terminal motif is 

responsible for trafficking of TRPP2 to the cilia which is independent of TRPP1 expression 

(Geng et al., 2006). Because cilia behave as sensory organelles in the olfactory bulb and vision 

system, it is thought that primary cilia in the kidney have a similar mechanosensory function in 

the detection of kidney fluid flow (Tsiokas et al., 2007). Indeed, Nauli et al. (2013) proved that 

epithelial cells require their cilia in order to sense fluid flow. In addition, the group showed that 

epithelial cells respond to shear stress with increased intracellular calcium concentrations 

through activation of TRPP1 and TRPP2 via a PLC-independent mechanism. Cells without 

functional TRPP1 showed no response to fluid shear stress (Nauli et al., 2003) while cells in 

which TRPP2 was blocked with an antibody raised against internal epitope of TRPP2, blocked 
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about 50% of fluid-flow-induced increase in intracellular calcium. While this study underlines 

the importance of TRPP1 in fluid shear sensing, there is no report on the mechanosensitivity 

of TRPP2 alone or in combination with other subunits. It is possible that TRPP1 functions as 

the actual sensor while adherent subunits including TRPP2, TRPC1 or TRPV4 transduce the 

stimuli. This hypothesis is supported by findings showing that the N-terminal region of TRPP1 

can be stretched when force is applied (Qian et al., 2005). Another possibility is that TRPP2 

assembles with an auxiliary subunit to form a mechanosensitive channel complex. This 

question has been addressed by a study showing that TRPP2/TRPV4 complexes are needed 

for sensing the fluid shear stress in epithelial kidney cells (Kottgen et al., 2008). A functional 

interaction of TRPP2 with TRPV4 was confirmed by expression of TRPP2 and TRPV4 in 

oocytes. In line with previous findings, TRPP2 alone was not susceptible to cell swelling while 

TRPV4 was. However, co-expression of TRPP2 with TRPV4 did result in larger cell-swelling 

mediated currents compared to currents seen with single TRPV4 expression (Kottgen et al., 

2008). These findings could indicate a mechanosensory role of TRPP2 in complex with 

TRPV4, but additional investigation is needed.  

In striking contrast to the hypothesis of TRPP2 channel complexes functioning as 

mechanosensors are findings of Sharif-Naeini and coworkers (2009) who suggested that 

TRPP2 inhibits the endogenous stretch-activated channel in VSMCs. In arterial myocytes and 

COS cells, reduction of TRPP1 resulted in suppressed stretch-activated channel activity. This 

suppression was likely mediated by excessive free TRPP2, because additional suppression of 

TRPP2 fully reversed mechanosensitive channel activity. Similar results were found in 

resistance arteries of TRPP1-deficient mice that showed reduced myogenic tone. The 

inhibition of the stretch-activated channel was not dependent on TRPC1, TRPC6 or TRPV4 

but was largely effected by the actin cytoskeleton. Disruption of F-actin fibers enhanced 

mechanically induced endogenous channel activity and could restore the TRPP2-mediated 

suppression in COS cells. These findings indicate that TRPP1/TRPP2 ratio regulates pressure 

sensing and argue against a direct mechanosensory role of TRPP2 in arterial myocytes. In 

summary, there is little evidence pointing to a direct mechanogating property of TRPP2 

channels so far, but stringent experimental data are still missing, leaving the role of TRPP2 in 

mechanosensitivity ill-defined.  

Mucolipid transient receptor potential channels 

TRPML3 is mostly expressed in inner ear and hair cells. TRPML3 was shown to localize to 

cytoplasmic compartments of hair cells and to the plasma membrane of stereocilia, suggesting 

a role of TRPML3 in mechanical hair cell conductance. Likewise, a mutation in TRPML3 

causing a constitutively active cation channel conformation was found in varitint-waddler mice, 

which are deaf and show progressive disorganization of hair cell cilia (Grimm et al., 2007). Due 



I Introduction 

44 
 

to the importance of TRPM3 in the organization of hair cell cilia, TRPML3 was suggested to 

be mechanosensitive. However, TRPML3 primarily localizes to early- and late-endosomes as 

well as lysosomes (Venkatachalam et al., 2006). Therefore, it seems more likely that TRPML3 

is involved in vesicle trafficking rather than being a directly mechanogated channel itself.  

Melastin transient receptor potential channels  

TRPM channels have eight subfamily members (TRPM1 to TRPM8) and are widely expressed 

in excitable and non-excitable cells where they perform diverse functions ranging from 

detection of cold, taste, redox state and pH to control of magnesium homeostasis and cell 

proliferation or death (for review see Zholos, 2010). In the TRPM family, the family members 

TRPM3, TRPM4 and TRPM7 have been considered as mechanosensitive ion channels.  

TRPM3 is expressed in kidney and brain and has at least 12 isoforms. Full-length TRPM3 was 

responsive to hypotonic cell swelling when overexpressed in HEK293 cells (Grimm et al., 

2003). However, mechanisms of channel opening are still missing. 

TRPM4 is a calcium- and voltage-dependent channel that is expressed in multiple tissues 

including arterial smooth muscle cells and endothelium. A current with similar conductance, 

ion selectivity and calcium dependence as overexpressed TRPM4 was found in cerebral artery 

myocytes. Knock-down of TRPM4 in those arteries resulted in attenuated pressure-induced 

myocyte depolarization and myogenic constriction (Earley et al., 2004). Additionally, 

overexpressed TRPM4 in HEK293 cells could be activated by negative pressure through the 

patch pipette. Mechanical activation of TRPM4 via stretch possibly depended on rise in 

intracellular calcium concentration following activation of ryanodine receptors (Morita et al., 

2007). In this way, TRPM4 activation can contribute to the depolarization and concomitant 

vasoconstriction of intact cerebral arteries following mechanical stimulation. However, TRPM4-

deficient mice had a normal myogenic response, arguing against a role of TRPM4 as direct 

mechanosensor important for myogenic vasoconstriction (Mathar et al., 2010). Interestingly, 

blood pressure levels of TRPM4 mice were elevated, which was likely a consequence of 

TRPM4-dependent excessive catecholamine release from chromaffin cells. Catecholamine 

contributes to increased sympathetic tone, explaining the high blood pressure levels observed 

in TRPM4-deficient mice. In conclusion, because of the strong calcium-dependency of TRPM4, 

activation of TRPM4 is likely subsequent to activation of calcium-permeable or calcium-release 

mechanisms like ryanodine receptor activation or TRPC6 activation. Therefore, TRPM4 

activation through stretch activation is probably indirect and requires intracellular calcium as 

well as phosphorylation-dependent mechanisms.  

TRPM7 forms a magnesium-dependent non-selective cation outward rectifying channel 

expressed in a wide variety of tissues including kidney and vascular smooth muscles. 

Interestingly, TRPM7 has a kinase activity in its own C-terminus that regulates TRPM7 channel 
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activity (Runnels et al., 2002). TRPM7 was suggested to be important in volume regulation 

because of its stretch and swelling sensitivity. Oancea et al. (2006) showed that TRPM7 

channels translocated to the plasma membrane in response to laminar flow in a exocytosis-

mediated pathway. In this way, fluid flow increased endogenous TRPM7 current amplitudes in 

VSMCs but not in endothelial cells, suggesting that TRPM7 is involved in vessel wall injury. 

These data are in contrast to findings from Numata and colleagues (2007), who indicated that 

heterologous expression of TRPM7 in HEK293 cells augments channel activity upon shear 

stress and cell swelling even under the conditions where exocytotic events can hardly take 

place. Moreover, in excised patches, membrane stretch stimulated single channel activity of 

TRPM7. The present research group also demonstrated activation of an endogenous 

magnesium- and gadolinium-sensitive non-selective cation channel in epithelial cells, that 

could be opened upon membrane stretch and osmotic cell swelling in cell-attached and inside-

out recordings (Numata et al., 2007b). The channel identity was concluded to be TRPM7, 

because reduction of TRPM7 proteins by siRNAs led to abolition of stretch-activated channel 

activity. However, single channel conductance found in these experiments does not match the 

single-conductance found in heterologous expression systems (Sharif-Naeini et al., 2008), 

arguing against direct mechanoperceptive properties of TRPM7. Likewise, another study 

suggested that TRPM7 senses alteration of cytosolic concentrations of free magnesium, 

magnesium-nucleotides and a further unidentified factor upon hypoosmotically-induced cell 

swelling rather than mechanically induced membrane stretch (Bessac and Fleig, 2007). 

Therefore activation of TRPM7 is considered indirectly and depends on intercalation of TRPM7 

proteins to the plasma membrane upon mechanical stimulation. 

Canonical transient receptor potential channels  

TRPC channels are widely expressed in different mammalian tissues like vascular smooth 

muscle, lung, kidney, and brain, where they participate in central cell physiological processes 

including development, proliferation and differentiation (for review see Dietrich et al., 2006 or 

Venkatachalam and Montell, 2007). The mechanical properties of several TRPC channels 

including TRPC1, TRPC5 and TRPC6 have been examined over the years.  

The research group of Hamill (2005) proposed an intrinsic mechanosensitivity of TRPC1. They 

solubilized frog oocytes membranes and reconstructed the isolated proteins in liposomes and 

evaluated the stretch-activated currents (Maroto et al., 2005). Reconstitution of TRPC1 in 

oocytes resulted in highly increased stretch-activated current densities, whereas TRPC1 

knock-down in oocytes attenuated endogenous stretch-activated currents. Similar results were 

found in CHO-K1 cells heterologously expressing TRPC1. However, subsequent studies could 

not confirm an intrinsic mechanosensitivity of TRPC1 (Dietrich et al., 2007; Gottlieb et al., 

2008). TRPC1 expression is predominantly high in cerebral arteries and thoratic aorta 
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compared to the other TRPC channels. However, TRPC1-/- mice showed no obvious 

phenotype and demonstrated normal myogenic vasoconstriction. Additionally, smooth muscle 

cells from cerebral arteries isolated from TRPC1-deficient mice were as responsive to 

hypoosmotic swelling and inflation as their wild type controls (Dietrich et al., 2007). Importantly, 

the authors excluded up-regulation of other TRPC channels in the TRPC1-/- mice, excluding 

genetic compensation mechanisms. In accord with this notion is a study from Hamill and 

coworkers (2008) who revised mechanosensitivity of TRPC1 by showing that the stretch-

activated currents were not higher in control cells compared to TRPC1 overexpressing cells 

(Gottlieb et al., 2008). Rather, the present authors suggested that the endogenous stretch-

activated currents seen in those cells resulted from activation of endogenous TREK-1. Another 

issue arguing against mechanoperceptive properties of TRPC1 channels regards the 

subcellular localization of TRPC1. Most of the TRPC1 channels seem to be ER-retained unless 

co-expressed with other TRPC subunits, questioning the relevance of overexpression studies 

with TRPC1 (Alfonso et al., 2008; Storch et al., 2012a). Based on the reports showing that 

TRPC1 is not expressed in the plasma membrane and is not responsible for stretch-activated 

currents in liposomes, cell systems or myogenic arteries, TRPC1 cannot be considered an 

inherent mechanosensitive channel.  

TRPC5 is widely expressed in the central and peripheral nervous system and at lower levels 

in many other tissues such as gonads, lung, heart, adrenal gland, endothelium, kidney and 

vascular and gastric smooth muscle (Beech, 2007b). TRPC5 channel activation is generally 

subsequent to PLC-dependent receptor activation. Interestingly, TRPC5 is a sensor of 

important signaling phospholipids. For example, TRPC5 channels can be activated by 

depletion of PIP2 levels surrounding the channel (for review see Beech, 2007). The lipid 

sensitivity and the presence of TRPC5 in baroreceptors (Glazebrook et al., 2005)—the 

peripheral nerve endings involved in sensing arterial pressure—prompted Gomis et al. (2008) 

to investigate TRPC5 as mechanically gated channel. Whole-cell recordings of HEK293 cells 

heterologously expressing TRPC5 revealed TRPC5 currents upon application of hypotonic 

bath solution and positive pressure through the patch pipette. Additionally, the mechanically 

induced currents were sensitive to inhibition by GsMTx-4. In PIP2 -depleted cells, the currents 

evoked with hypotonic solution were reduced supporting the dependence of TRPC5 on PIP2. 

However, it should be noted that mechanically activated TRPC5 currents opened with a 

considerate delay time of several seconds, suggesting a rather indirect activation of TRPC5 

channels that most likely depends on formation of second messengers. A recent report from 

the same research group shows that activation of TRPC5 is likely secondary to cell swelling-

induced Gq/11PCR activation, which in turn enhances the activation of TRPC5 by regulating this 

channel’s membrane trafficking (Jemal et al., 2014). Therefore, TRPC5 can only be considered 
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as mechanotransducing channel while the mechanical stimulus is perceived by other 

mechanosensors like GPCRs. 

Another TRPC channel is controversially discussed as being mechanosensitive. TRPC6 is a 

double rectifying non-selective cation channel highly expressed in lung, brain, kidney with 

particular high expression in vascular smooth muscle cells. TRPC6 channels are directly 

activated by the second messenger diacylglycerol (DAG) (Hofmann et al., 1999). TRPC6 was 

postulated to be a mechanosensitive ion channel in arteries that is important in maintaining 

myogenic tone (Welsh et al., 2002). Welsh et al. (2002) examined cerebral artery smooth 

muscle cell depolarization and constriction caused by elevated intraluminar pressure after 

knock-down of TRPC6. Knock-down of TRPC6 in cerebral VSMCs suppressed depolarization 

and vasoconstriction. Additionally, TRPC6 knock-out reduced cell swelling-induced current 

amplitudes in isolated myocytes. Supporting intrinsic mechanoperceptive properties of TRPC6, 

Spassova et al. (2006) reported that TRPC6 could be activated independently of PLC by 

mechanically and osmotically induced membrane stretch in a GsMTx-4-sensitive manner. The 

threshold pressure needed to open TRPC6 was roughly 80 mmHg in membrane patches of 

CHO-K1 cells—a value close to the pressure needed to rupture most cell membranes—

questioning the physiological relevance of mechanically gated TRPC6 channels. Indeed, 

similar to TRPC1, stretch activation of homomeric TRPC6 could neither be confirmed in 

transiently transfected COS cells (Gottlieb et al., 2008), nor in HEK293 cells (Mederos y 

Schnitzler et al., 2008). Instead, TRPC6 activation seems to be the result of agonist-

independent mechanical activation of Gq/11PCRs with subsequent build-up of the TRPC6 

activator DAG (Mederos y Schnitzler et al., 2008). In line with this hypothesis are findings from 

TRPC6-deficient mice that have an elevated blood pressure and increased myogenic 

constriction, a phenotype inconsistent with the loss of a channel essential for maintaining 

myogenic tone (Dietrich et al., 2005). The increased myogenic constriction is likely the result 

of molecular compensation mechanism in TRPC6-deficient cells: TRPC6-/- smooth muscle 

cells overexpress TRPC3, which has a higher basal affinity compared to TRPC6. 

Consequently, smooth muscle cells of TRPC6-deficient mice have higher basal cation entry 

resulting in more depolarized membrane potentials. These findings are inconsistent with 

TRPC6 being an intrinsic mechanosensor. However, Huber and coworkers (2006) suggested 

that TRPC6 might be a directly mechanosensitive in the kidney, because TRPC6 interacts with 

podocyte-specific protein podocin—a homologue of the PDZ-containing protein MEC-2 (Huber 

et al., 2006). Since the homologue of podocin MEC-2 is part of a mechanosensitive multi-

protein ion channel complex in C. elegans, it was suggested that TRPC6 in complex with other 

slit-membrane proteins including podocin could form a mechanosensitive ion channel complex 

(Huber et al., 2007). A recent study claimed that a TRPC6 mutation found in patients with focal 

and segmental glomerulosclerosis renders the channel insensitive to hypotonically induced 
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membrane stretch (Wilson and Dryer, 2014). However, this study has several methodic 

drawbacks. First, cell swelling was induced by diluting isotonic bath solution with water. This 

results in reduced calcium concentrations that might already be sufficient to cause TRPC6 

channel activation. Second, no chloride channel blockers were used in this study suggesting 

that the effects seen under cell swelling might be caused by endogenous VRAC channel 

activation. This could explain why no characteristic double rectifying TRPC6 current-voltage 

relationships were seen under cell swelling.  

In summary, there is good evidence that TRPC6 is not inherently mechanosensitive in most 

cell systems. However, it is intriguing to investigate a putative mechanosensitive 

TRPC6/podocin channel complex in podocytes.  

Purinergic channels 

Purinergic (P2X) channels form a family of non-selective cation channels with seven family 

members (P2X1–P2X7) that open in response to extracellular ATP. The N- and C-termini of 

purinergic channel face the inside of the cell and three channel subunits are needed to form a 

functional ion channel. P2X channels are distinct from the P2Y family which are purinergic 

GPCRs, and are widely expressed in a variety of tissues. Activation of purinergic receptors 

results in increased intracellular calcium levels, thereby regulating diverse cellular functions 

(for review see North, 2002). Purinergic channels are not directly mechanogated because the 

latency time for mechanical activation lies within a few seconds and is therefore comparatively 

slow. P2X channels are rather thought to be activated due to mechanically induced release of 

ATP. Extracellular ATP binds to P2Y and P2X receptors on the same or neighboring cell. ATP 

release is a common mechanism in many cell types including bone osteoblast (Ke et al., 2003), 

lung fibroblast (Murata et al., 2014), airway and tubular epithelial (Homolya et al., 2000; Jensen 

et al., 2007) and aortic endothelial cells (Yamamoto et al., 2000) as well as neurons (Xia et al., 

2012). In general, there are several different ways how ATP can leave the cell: Through ATP-

permeable channels like connexin and pannexin hemichannels, through adenine nucleotide 

transporters of yet unknown identity, and through fusion of ATP-loaded vesicles with the 

plasma membrane. Although released ATP can act on all expressed P2 receptors in the cell, 

a special role for P2X4 was found in shear-stress-mediated calcium influx into endothelial cells 

(Kessler et al., 2011; Yamamoto et al., 2000). Kessler et al. (2011) showed that fluid shear 

stress did not activate HEK293 cells heterologously expressing P2X4 channels. However, 

subsequent stimulation of P2X4 with ATP did result in diminished desensitization. These results 

indicate that shear stress might directly influence P2X4 channels.  

Altogether, P2X4 channels are not directly mechanogated but form mechanotransducing 

structures in several cell systems that are likely activated by mechanically induced ATP 

release. 
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8. Mechanoresponse – downstream signaling  

Ultimately, mechanical stimuli lead to downstream cellular signaling and adaptation processes 

that are not per se force-dependent. A common rapid response mechanism is the feedback to 

mechanosensitive structures that initiated the response in the first place as is the case for 

integrin-mediated and cadherin-mediated adhesions, that enlarge and tighten in response to 

tension (for review see Schwartz and DeSimone, 2008).  

Apart from the more rapid adaptation, force additionally activates more sustained signaling 

pathways like formation of stress fibers through GTPase RhoA thereby controlling cell 

morphology as well as transcriptional network processing. Other cascades regulate 

development, cell morphology, migration, differentiation or proliferation.  

For instance, the mechanical signaling determines the stem cell lineage commitment and 

specification of mesenchymal cells. Mesenchymal stem cells can differentiate into a range of 

anchorage-dependent mesenchymal tissues, including bone, cartilage, fat, tendon, muscle, 

and marrow stroma (adipocytic, chondrocytic, or osteocytic lineages). Lower plating density 

and therefore decreased local pressure and adhesion contacts alter the cell shape and their 

differentiation (Pittenger et al., 1999). Importantly, differentiation is dependent on actomyosin 

generated tension, highlighting the importance of mechanical cues in driving cell fate decisions 

(for review see Schwartz and DeSimone, 2008).  

Another example highlights the role of mechanoresponse in the kidney. Podocytes undergo a 

variety of mechanically mediated adaptations including adhesion remodeling, actin 

cytoskeleton rearrangement and transcriptional processing. Podocytes are highly specialized 

visceral epithelial cells lining the Bowman's capsule that wrap the capillaries of the glomerulus. 

Blood pressure in the glomerular capillaries as well as shear stress resulting from fluid flow 

through the slit diaphragm and over the apical site of the podocytes constantly generates high 

mechanical stress. High pressure induces calcium influx and causes a reorganization of the 

actin cytoskeleton through a Rho-dependent pathway (Endlich et al., 2001). Additionally, 

calcium influx into podocytes is known to modulate gene expression through a calcineurin- and 

nuclear factor of activated T-cells (NFAT) transcription factor-dependent pathway (Kuwahara 

et al., 2006). NFAT also regulates apoptosis in podocytes (Wang et al., 2011) but whether 

mechanical stimulation causes apoptosis in podocytes is controversial (Endlich et al., 2001; 

Huang et al., 2012). In addition to activation of NFAT, stretch-mediated influx of calcium also 

regulates slit-membrane protein adhesions via nephrin and neph-proteins (Miceli et al., 2010) 

and could possibly regulate the calcium-dependent attachment of podocytes to the glomerular 

basal membrane via integins (Sachs et al., 2012). All these adaptations allow podocytes to 

dynamically regulate kidney filtration and counteract high pressure situations. Failure to 
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balance high pressure situations would result in podocytes damage, loss of podocytes 

ultimately resulting in filtration deficiencies like proteinuria. 
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II Aim of this study 

Since the discovery of the first mechanosensitive structures, many attempts have been made 

to unravel the identity of mammalian proteins sensing mechanical stimulation. Because several 

mechanosensitive structures respond to mechanical stimulation with non-selective ion channel 

conductivity, TRPC channels have been suggested as mechanotransducing elements in a 

variety of cell systems. The data regarding the direct mechanosensitivity of these channels is 

conflicting and has been questioned several times. Therefore, the following questions are 

addressed in this thesis: 

 

1. Can TRPC1 be activated by mechanical stimulation in heterologous cell systems? 

a) Is TRPC1 expressed in the plasma membrane? 

b) What is the role of endogenous TRPC1? 

 

2. *How are TRPC4 and TRPC5 channels activated subsequent to activation of GPCRs?  

a) What is the function of the C-terminal PKC-phosphorylation site within the VTTRL 

motif? 

b) How do NHERF proteins contribute to the regulation of TRPC4 and TRPC5 

activation? 

c) Is the activation of TRPC4 and TRPC5 lipid-dependent? 

*the key findings and discussion of this project can be found on the pages 116-128 

 

3. What is the identity and contribution of Gq/11PCRs on myogenic tone?  

a) Which Gq/11PCRs are expressed in arterial smooth muscle cells of small resistance 

arteries? 

b) Do the expressed Gq/11PCRs contribute to myogenic tone? 

c) How are the Gq/11PCRs activated? 

 

4. Are TRPC channels mechanosensitive in podocytes? 

a) If not, what are the molecular correlates for mechanosensitive elements in 

podocytes? 

b) How are the mechanosensitive elements regulated regarding composition of the 

plasma membrane and dependence on the cytoskeleton? 

c) Does mechanical activation result in disease-associated F-actin reorganization?  
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III Results 

 

The following section encompasses the findings that can be found in the following 

publications:  

 

1. Publication: TRPC1 calcium permeability in heteromeric channel complexes 

Storch U, Forst AL, Philipp M, Gudermann T, Mederos y Schnitzler M. Transient receptor 

potential channel 1 (TRPC1) reduces calcium permeability in heteromeric channel complexes. 

J Biol Chem. 2012 Jan 27;287(5):3530-40.  

2. Publication: Novel role of mechanosensitive AT1B receptors in myogenic 

vasoconstriction  

Blodow S, Schneider H, Storch U, Wizemann R, Forst AL, Gudermann T, Mederos y Schnitzler 

M. Novel role of mechanosensitive AT1B receptors in myogenic vasoconstriction. Pflugers 

Arch. 2014 Jul;466(7):1343-53.  

3. Publication: Podocyte purinergic P2X4 channels are mechanotransducers that 

mediate cytoskeletal disorganization 

Forst AL, Olteanu V, Mollet G, Wlodkowski T, Schaefer F, Dietrich A, Reiser J, Gudermann T, 

Mederos y Schnitzler M, Storch U. Podocyte purinergic P2X4 channels are 

mechanotransducers that mediate cytoskeletal disorganization. J Am Soc Nephrol. 2015 Jul 

9. pii: ASN.2014111144. [published ahead of print] 
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1. Publication: Storch et al. (2012) 

 

 

 

 

 

TRPC1 calcium permeability in heteromeric channel complexes. 

 

 

  

Storch U, Forst AL, Philipp M, Gudermann T, Mederos y Schnitzler M. 

 

 

 

J Biol Chem. 2012 Jan 27;287(5):3530-40.  

 

 

Author’s contribution to this work: 

AL.F. designed and performed experiments and analyzed the data from the following 

experiments: Western Blot Analysis, G/F-actin assay and Scratch assay. Additionally, AL.F. 

generated shRNA constructs and monoclonal stabile cell lines.  

U.S., T.G., and M.MyS. designed and supervised the study. U.S. and M.P. performed 

electrophysiological experiments. U.S. performed intracellular calcium recordings and cloned 

shRNA. M.P. and M.MyS. performed mutagenesis. U.S., M.P. and M.MyS. analyzed data. 

U.S., T.G., and M.MyS. wrote the manuscript.  
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2. Publication: Blodow et al. (2014) 

 

 

 

 

 

Novel role of mechanosensitive AT1B receptors in myogenic vasoconstriction. 

 

 

 

Blodow S, Schneider H, Storch U, Wizemann R, Forst AL, Gudermann T,  

Mederos y Schnitzler M. 

 

 

 

Pflügers Arch. 2014 Jul;466(7):1343-53.  

 

 

 

 

Author’s contribution to this work: 

AL.F. designed and generated AT1A and AT1B constructs and isolated vasucular smooth 

muscle cells.  

S.B., H.S., and R.W. performed myogenic tone measurements and analyzed the data. S.B. 

and H.S. performed quantitative RT-PCRs. S.B. recorded intracellular calcium. M.MyS. and 

U.S. designed experiments and analyzed the data. M.MyS., U.S. and T.G. wrote the 

manuscript and supervised the study.   
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3. Publication: Forst et al. (2015) 
 

 

 

 

 

Podocyte purinergic P2X4 channels are mechanotransducers that mediate cytoskeletal 

disorganization. 

 

 

 

Forst AL, Olteanu V, Mollet G, Wlodkowski T, Schaefer F, Dietrich A, Reiser J, 

Gudermann T, Mederos y Schnitzler M, Storch U. 

 

 

 

J Am Soc Nephrol. 2015 Jul 9. pii: ASN.2014111144.  

[published ahead of print] 

 

 

 

Author’s contribution to this work: 

AL.F. designed and performed experiments and analyzed the data from the following 

experiments: Culturing of mouse podocyte cell line, electrophysiological recordings, Western 

Blot analysis, ATP-release assay, stretching and staining of podocytes. AL.F. isolated and 

maintained primary podocytes and performed calcium recordings and analyzed the data. 

AL.F., U.S. and M.MyS. wrote the manuscript.  

V.O. isolated and maintained primary podocytes and carried out quantitative RT-PCRs. G.M., 

F.S., T.W., and A.D. contributed mice strains. J.R. contributed constructs and helped with the 

design of the study. M.MyS. and U.S. designed experiments and analyzed data. U.S., M.MyS. 

and T.G. supervised the study.   
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IV Discussion 

This section discusses characteristics of several cation channels including TRPC1, TRPC6 

and P2X4 and their role in mechanosensitivity based on the three publications in the results 

chapter of this thesis and the relevant literature. The section “Biophysical characterization and 

mechanosensitivity of TRPC1” focusses on the paper from Storch et al. (2012), 

“Mechanosensitive elements in smooth muscle cells: Role of AT1B“ reviews the findings from 

Blodow et al. (2014) while “Mechanosensitive elements in podocytes: Role of P2X channels” 

discusses the findings found in Forst et al. (2015). 

Additionally, the most recent findings of our group on the activation characteristics of TRPC4 

and TRPC5 channels are discussed in the section “Biophysical characterization of TRPC4 and 

TRPC5”, which have been submitted to Nature Cell Biology but have not yet been published 

(Storch et al., 2015).  

  



IV Discussion 

111 
 

Biophysical characterization and mechanosensitivity of TRPC1 

TRPC1 channels are expressed in a variety of tissues, including vascular smooth muscles, 

lung, kidney and brain, where they contribute to a wide range of biological functions that include 

proliferation, arterial contraction, salivary gland secretion, neurotransmission, growth cone 

turning, neuronal differentiation and transcription control. Till date, it has been generally 

accepted that the general activation mechanism of TRPC1 is subsequent to receptor mediated 

PLC activation. TRPC1 has at least five different splice variants (α, β, γ, δ and ε) but only three 

(α, β, and ε) are known to be translated into functional proteins (Ong et al., 2013; Sakura and 

Ashcroft, 1997) and isoform specific activation might be possible. The TRPC1β protein lacks 

34 amino acids in the third ankyrin repeat while TRPC1ε carries a seven amino acid deletion 

downstream of the first membrane spanning helix compared to the longer TRPC1α isoform 

(see Figure 7). 

 

 
Figure 7: Schema of the different mouse trpc1 slice variants and their respective translated 

TRPC1 isoforms. The trpc1 gene is transcribed into several different trpc1 mRNAs including splice 

variants α, β, γ, δ and ε, but only splice variants α, β, and ε are translated into a functional TRPC1 

protein. Additionally, the alternative start codon CUG results in the extended TRPC1 protein. In the 

TRPC1 protein, L1 indicates the first amino acid (aa) found in the extended murine TRPC1 isoform, M79 

indicates the start codon AUG common to the TRPC1α, β, and ε. TRPC1 proteins contain four ankyrin 

repeats (A), and one coiled-coiled domain (CC) in their N-terminal region. Transmembrane domains 

(TM1 to TM6) and the pore region (P) as well as the TRP box and two calmodulin-binding sites (CaM) 

are indicated. Human TRPC1 proteins are 16 amino acids shorter compared to mouse TRPC1 due to a 

downstream ATG codon. The alternative CUG start codon is conserved among most species and can 

also be found in human trpc1 mRNA. Translation starting from this CUG codon would result in an 83 

amino acid N-terminal extension.  
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Although accumulating results clarify the functional properties of TRPC1, discrimination 

between the splice variants is rare. Recent reports suggest that stimulation of the longer 

TRPC1α isoform in complex with TRPC4 results in higher current amplitudes as compared to 

the shorter TRPCβ protein (Kim et al., 2014). On the other hand, TRPC1ε seems unique 

among all TRPC1 isoforms in its ability to amplify store-operated currents. This newly identified 

isoform could explain why several groups have reported that TRPC1 channels are activated 

upon depletion of internal calcium stores (summarized in Salida et al., 2009 and Yuan et al., 

2009), while others found no involvement of TRPC1 in store depletion (Dietrich et al., 2007).  

Apart from receptor-mediated activation and activation upon internal store depletion, TRPC1 

has been suggested to be activated by membrane stretch (Maroto et al., 2005). Other groups, 

however, could not confirm these findings, leaving the activation mechanisms of TRPC1 

proteins to be ill defined (Dietrich et al., 2007; Gottlieb et al., 2008).  

In order to understand the contradictory data regarding TRPC1 proteins, human TRPC1β was 

analyzed in heterologous expression systems with a highly sensitive electrophysiological 

approach (Storch et al., 2012). In contrast to what has been previously reported, TRPC1β 

alone did not form functional homotetrameric receptor-operated channels. Agonist-, GTPγS-, 

or PIP2 depletion-induced currents were never observed in all TRPC1-expressing systems 

employed by us. It can be concluded from this phenomenon that TRPC1β forms no functional 

channel in the plasma membrane, although it is impossible to distinguish whether TRPC1 does 

not assemble into homotetramers or is retained in subcellular structures like the endoplasmic 

reticulum. Previous studies with fluorescently-tagged TRPC1 demonstrated that functional 

homotetrameric TRPC1 channels are mostly present in the cytoplasm (Alfonso et al., 2008). 

Based on this study and our own observations, it can be concluded that functional TRPC1 

homomers exist but are retained in the ER, which could explain the lack of TRPC1 currents 

observed in our study. However, it should be noted that the lack of TRPC1 currents in our 

study can also be explained by the inability of TRPC1 to react to the typical TRPC activators 

employed by us, although previous reports have shown that TRPC1 can be activated by 

stimulation of the PLC cascade after GPCR activation (Alfonso et al., 2008; Zhu et al., 1996).  

Although homomeric TRPC1 seems incapable of insertion into the plasma membrane, TRPC1-

mediated currents could be observed when TRPC1 was co-expressed with other TRPC 

subunits (Storch et al., 2012). Surprisingly, TRPC currents could be measured regardless of 

the co-transfected TRPC subunit (TRPC3, -4, -5, -6, and -7). Previous studies showed that 

TRPC1 co-assembles with TRPC4 and TRPC5, but no interaction between TRPC1 and the 

diacyglycerol-sensitive subfamily TRPC3, -6, and -7 have been found in previous studies that 

used Förster resonance energy transfer (FRET) (Brownlow and Sage, 2005; Goel et al., 2002; 

Hofmann et al., 2002). In all TRPC1-containing heteromers, the presence of TRPC1 subunits 

altered the biophysical properties of the channel units by significantly decreasing calcium 
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permeation (Storch et al., 2012). To assure that TRPC1 is part of the channel pore, two TRPC1 

pore-mutants E581Q and E582Q were generated. Both glutamic acid residues are present in 

the putative pore region of TRPC1 and are not present in other TRPCs. Mutating either one of 

the glutamic acids was sufficient to impair calcium permeation of the TRPC1-containing 

heteromers, while simultaneous exchange of both glutamates had no additional effect. This 

suggests that TRPC1 subunits contribute to pore formation, thereby altering the calcium 

permeation properties of heteromeric TRPC channels. See Table 1 for an overview of the 

biophysical properties of TRPC1β-containing TRPC heteromeric channels. Since TRPC1 

channels have been discussed as store-operated channels (SOC) that open in response to 

depletion of internal stores, the contribution of TRPC1 to SOC activity in immortalized murine 

GnRH-releasing neurons (Gn11 cells) was investigated (Storch et al., 2012). These cells were 

used for our study because of their prominent TRPC1 expression as detected by quantitative 

RT-PCR. It should be noted that the primers used to detect TRPC1 mRNA detected all the 

above-mentioned TRPC1 isoforms and do not provide insight into the expression profile of 

specific TRPC1 isoforms. Altered SOC activity was not observed when TRPC1 levels using 

TRPC1-specific shRNA were reduced. This suggests that TRPC1 does not contribute to SOC 

activity in Gn11 cells. Similar results were observed in previous studies that used vascular 

smooth muscle cells deficient in TRPC1 (Dietrich et al., 2007). Instead of TRPC1, the calcium 

release-activated calcium channel protein 1 (Orai1) in the plasma membrane is activated by 

stromal interaction molecule 1 (STIM1), an ER calcium sensor, to mediate store-operated 

calcium entry (Potier et al., 2009). While some groups postulated that SOC activity depends 

on Orai1 and STIM1 alone and is independent of TRPC1 (Potier et al., 2009), other 

investigators reported interaction of some TRPC channels including TRPC1 with Orai1 and 

STIM1 in vitro ((Lee et al., 2014); reviewed in (Cheng et al., 2013)). The discrepancies 

regarding TRPC1 channel activation might be explained by a recent report that identified an 

extended form of mouse TRPC1 in early pre-osteoclasts (Ong et al., 2013). The newly 

identified functional splice variant called TRPC1ε bears a seven amino acid deletion 

downstream of the first membrane-spanning helix. It should be noted that mouse TRPC1 

contains an earlier ATG start codon that results in a 16 amino acid extension compared to 

human TRPC1. For a comparison between the human and mouse TRPC1 proteins see 

supplementary Table 2. Heterologous expression of mouse TRPC1ε in HEK293 cells revealed 

that it physically interacts with Orai1 and that expression of TRPC1ε amplifies SOC activity 

(Ong et al., 2013). Additionally, Ong et al. (2013) identified the alternative TRPC1 start codon 

CUG upstream of the published AUG resulting in a 78 amino acid extension. The extension 

harbors a cluster of positively charged amino acids that might block the negatively charged 

pore domain of the channel.  
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Channel IV Composition 
Calcium 

permeation  
PCa/PNa 

Reversal 
potential 

(mV) 

TRPC1 

   

 
Control: 

C1: 

 
2.21 ± 0.37 
2.19 ± 0.40 (ns) 

 
-35 ± 4 
-38 ± 4 (ns) 

TRPC3/TRPC1 

 

 
C3: 

C3/C1: 

 
3.61 ± 0.25 
2.64 ± 0.35 (*) 

 
-18 ± 2 
-23 ± 5 (**) 

TRPC4/TRPC1 

  

 
C4: 

C4/C1: 

 
4.23 ± 0.36 
2.77 ± 0.34 (**) 

 
-16 ± 2 
-26 ± 2 (*) 

TRPC5/TRPC1  

 

C5: 
C5/C1: 

C5/C1E581Q: 
C5/C1E582Q: 

C5/C1E581Q/E582Q: 

1.57 ± 0.11 
0.82 ± 0.07 (***) 
0.45 ± 0.04 (*) 
0.38 ± 0.04 (*) 
0.43 ± 0.06 (*) 

-40 ± 2 
-53 ± 2 (***) 
-60 ± 2 (*) 
-60 ± 2 (*) 
-61 ± 3 (*) 

TRPC6/TRPC1 

 

 
C6: 

C6/C1: 

 
2.63 ± 0.25 
1.79 ± 0.13 (*) 

 
-25 ± 2 
-32 ± 3 (**) 

TRPC7/TRPC1 

     

 
C7: 

C7/C1: 

 
2.33 ± 0.33 
1.62 ± 0.14 (*) 

 
-44 ± 3 
-40 ±3 (*) 

Table 1: Overview of the biophysical properties of TRPC1β-containing TRPC channels and their 

respective calcium permeations as measured in whole cell recordings of HEK293. The current-

voltage relationships (IVs) of the homo- and heteromeric TRPC channels are depicted, as well as the 

calcium permeation properties and reversal potentials. For the determination of IVs, cells were 

transfected with the type-5 muscarinic acetylcholine receptor and TRPC channels and measured in the 

whole-cell configuration. Typical carbachol- or guanosine 5'-O-[gamma-thio]triphosphate (GTPγS)-

induced IV curves are displayed. For the determination of calcium permeabilities, a divalent-free sodium 

extracellular solution (Na+, 130 mM NaCl, 50 mM mannitol, and 10 mM HEPES, pH 7.4) and a 

monovalent-free calcium solution (Ca2+, 10 mM CaCl2 and 150 mM N-methyl-D-glucamine-Cl, pH 7.4) 

were applied. The reversal potentials were measured in the presence of an activator and 10 mM calcium 

in the bath solution. Black asterisks in parentheses indicate significant differences between heteromers 

containing TRPC1β compared to respective homomers without TRPC1. Red asterisks in parentheses 

indicate significant differences between heteromers containing mutant TRPC1 compared to respective 

heteromers containing wild type TRPC1.  
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The alternative CUG start codon is conserved among most species and can also be found in 

human trpc1 mRNA. Translation starting from this CUG codon would result in an 83 amino 

acid N-terminal extension. Ong et al. (2013) functionally characterized the newly found TRPC1 

proteins by measuring currents observed after store depletion (ISOC) of HEK293 cells’ 

heterologous co-expression of each TRPC1 isoform with Orai1 and STIM1. Interestingly, 

single expression of either isoform was insufficient to produce any current but required co-

expression with Orai1 and STIM1 confirming the observations made in our own study (Storch 

et al., 2012). The newly identified extended TRPC1 proteins modified the ionic selectivity of 

the ISOC currents mediated by Orai1, or possibly TRPC1/Orai1 channels and may thereby help 

to fine-tune ISOC currents. In contrast, expression of TRPC1ε was unique among all TRPC1 

isoforms in its ability to amplify store-operated currents, suggesting isoform-specific functions. 

These newly identified TRPC1 proteins may explain the discrepancies observed in the function 

of TRPC1 proteins: The extended TRPC1 may represent the real native protein better than the 

shorter form used in some overexpression studies and might be able to translocate to the 

plasma membrane in contrast to its shorter isoforms. On the other hand, the TRPC1ε isoform 

might be responsible for TRPC1-dependent SOC currents observed by some researchers. 

However, it should be mentioned that the expression profile of the newly identified TRPC1 

isoforms is still largely elusive and requires further investigation.  

Apart from SOC activity, the role of endogenous TRPC1 as a calcium suppressor in murine 

gonadotropin-releasing hormone-releasing Gn11 neurons was investigated (Storch et al., 

2012). Down-regulation of all TRPC1 isoforms using shRNA resulted in increased calcium 

permeation properties in Gn11 cells similar to the results found in HEK293 cells heterologously 

expressing TRPC1β/TRPC complexes. Gn11 neurons were originally derived from the 

olfactory bulb at embryonic day 11.5. At this stage of development, GnRH-releasing cells have 

the capability to migrate to the hypothalamus to fully differentiate, thereby losing their migratory 

properties. Gn11 cells in culture also show high migratory properties. The migratory ability of 

Gn11 was tested using scratch assays. As expected, wild type and Gn11 cells transfected with 

control shRNA did migrate to the space left by the scratch. Interestingly, TRPC1 knock-down 

cells showed enhanced migration compared to wild type and control cells. This effect was due 

to the enhanced motility of cells since TRPC1 knock-down did not alter proliferation and 

apoptosis levels. Moreover, TRPC1 knock-down and control Gn11 cells differed in terms of 

migratory properties such as distance covered, migration speed and directionality. TRPC1 

knock-down cells moved with higher speed and changed direction less frequently allowing 

them to cover a greater effective distance. The increased migratory ability of TRPC1 knock-

down cells was due to the increased G-actin levels, demonstrating that the enhanced motility 

of TRPC1 knock-down neurons is associated with a marked reorganization of the actin 

cytoskeleton. Taken together, the results in the study from Storch and colleagues (2012) 
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suggest that TRPC1 expression in Gn11 cells suppresses calcium permeation properties in 

these cells and thereby limiting migration.  

However, these findings are in contrast to earlier reports with a polarized renal epithelial cell 

line. In renal cell systems TRPC1 knock-down by shRNA resulted in suppressed calcium entry 

and impaired motility and migration (Fabian et al., 2011; Fabian et al., 2008). These findings 

can be explained by a different TRPC expression profile or expression of a different TRPC1 

isoform as discussed above.  

It has been previously shown that Gn11 migration is dependent on calcineurin and NFAT 

(Zaninetti et al., 2008). On the basis of earlier reports and on our own observations, we 

postulate that TRPC1β regulates neuronal migration in the following way (see Figure 8):  

1. TRPC1β assembles with other TRPC in the plasma membrane and reduces the 

calcium permeation properties of functional TRPC channel subunits resulting in lower 

intracellular calcium concentrations upon TRPC channel activation. 

2. Intracellular calcium activates the calcium-dependent protein calmodulin, which in turn 

activates the phosphatase calcineurin. 

3. Activated calcineurin dephosphorylates NFAT, which subsequently translocates to the 

nucleus.  

4. Nuclear NFAT drives NFAT-dependent transcription and translation of migration-

regulating proteins. 

 
Figure 8: TRPC1 channel activation in neuronal cell systems. TRPC1 per se is only present in the 

plasma membrane in TRPC3, -4, -5, -6, -7 containing heterotetramers. TRPC heteromers are activated 

upon receptor-mediated PLC activation that results in increased intracellular calcium concentrations. 

Intracellular calcium activates calmodulin, which in turn activates the phosphatase calcineurin. 

Calcineurin dephosphorylates nuclear factor of activated T-cells (NFAT), which translocalizes to the 

nucleus. Nuclear NFAT drives NFAT-controlled transcription and translation of migratory proteins. 
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Altogether, the results presented in the study from Storch et al. (2012) support the notion that 

TRPC1β homomers are located in the cytoplasm of the cells while TRPC1β-containing 

heteromeric TRPC complexes can form functional channel subunits in the plasma membrane. 

In the plasma membrane, TRPC1β contributes to pore formation of heterotetrameric TRPC 

channels which effectively reduce calcium permeation. Since functional TRPC1β homomers 

are not present in the plasma membrane, a stretch-induced activation of TRPC1β channels 

seems to be highly unlikely. However, it cannot be ruled out that other isoforms might form 

homomers in the plasma membrane that might be sensitive to membrane stretch. Our findings 

were confirmed in neuronal Gn11 cells. It was shown that TRPC1 proteins in their function as 

calcium suppressors control neuronal migration while no evidence of TRPC1 contributing to 

SOC activity was found. The presented data highlights the promiscuous role of TRPC1 in 

various cell functions, but further research is needed to unravel the role of the different TRPC1 

isoforms and their role in SOC activity.  
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Biophysical characterization of TRPC4 and TRPC5 

TRPC5 channels are widely expressed in the central nervous system and are involved in 

amygdala function and fear-related behavior (Riccio et al., 2009). In hippocampal neurons, 

TRPC5 also regulates hippocampal neurite length and growth cone morphology (Greka et al., 

2003). Lower TRPC5 expression levels can be found in the kidney, where TRPC5 activation 

seems protective against renal failure (Schaldecker et al., 2013; Tian et al., 2010). TRPC5 and 

its close family member TRPC4 are activated through activation of Gq/11PCRs and receptor 

tyrosine kinases (Schaefer et al., 2000). Activation of these channels seems to require PLC-

mediated conversion of PIP2 to DAG and IP3 although neither IP3 nor DAG alone is sufficient to 

cause channel activation. On the contrary, TRPC4 and -5 channels are rather inhibited by DAG 

or its membrane-permeable analogue OAG (Venkatachalam et al., 2003) in contrast to the 

DAG-sensitive subfamily members TRPC3, -6 and -7 (Hofmann et al., 1999). A DAG-mediated 

activation of TRPC5 currents has only been observed in heterologous studies with suppressed 

PKC activity (Venkatachalam et al., 2003). It has been suggested that the mechanism of 

TRPC4 and -5 activation depends on PLC-mediated depletion of PIP2 in proximity to TRPC4 

and -5 channels. Indeed, PIP2 depletion is sufficient to cause TRPC4 and -5 channel activation 

(Flemming et al., 2006).  

In contrast to the DAG-sensitive subfamily, TRPC5 and its close family member TRPC4 

contain the C-terminal Na+/H+ exchanger regulatory factor 1 (NHERF1) binding motif VTTLR 

(Tang et al., 2000). NHERF1 is a member of the NHERF family of scaffolding proteins that is 

important in maintaining and regulating cell function, e.g. in proximal tubule cells (Voltz et al., 

2001). NHERF proteins form homo- and heterodimers and are suggested to participate in the 

formation of multiprotein complexes (Shenolikar et al., 2004; Voltz et al., 2001). The two family 

members NHERF1 and -2 are structurally related adaptor proteins characterized by the 

presence of two tandem PSD-95/Drosophila discs large/ZO-1 (PDZ) interaction domains. 

Additionally, NHERF proteins associate with the actin cytoskeleton via interactions with 

members of ezrin/radixin/moesin family (Tang et al., 2000). NHERF proteins are highly 

expressed in the kidney, small intestine, and other organs, where they associate with a number 

of transporters, ion channels, signaling proteins, transcription factors, GPCRs and tyrosine 

receptors (for a schematic representation of NHERF1 and its binding partners see Figure 9) 

(summarized in Weinman et al., 2006). NHERF proteins have been shown to associate with 

TRPC4 and -5, thereby modulating channel activity (Lee-Kwon et al., 2005; Obukhov and 

Nowycky, 2004; Tang et al., 2000). The expression profile and lysophospholipids dependency 

of TRPC5 channels have raised the question of a mechanically-gated TRPC5 channel activity. 

Indeed, TRPC5 can be indirectly activated by membrane stretch in a PIP2-dependent 

mechanism that probably involves formation of second messengers (Gomis et al., 2008; Jemal 



IV Discussion 

119 
 

et al., 2014). Therefore, the properties of TRPC5 gating in heterologous and endogenous 

expression systems were carefully analyzed (Stroch et al., 2015).  

 

 
Figure 9: Schematic representation of human NHERF1 and its two tandem PDZ domains as well 

as the C-terminal ezrin-binding domain (EB). Additionally, several associated binding partners are 

listed below. Binding partners of the first PDZ domain (PDZ1) include G protein-coupled receptors such 

as the parathyroid receptor 1 (PTH1R), the β2-adrenergic receptor (β2R), purinergic receptor type 1 

(P2Y1R), κ-opioid receptor as well as growth factor tyrosine kinase receptors such as the platelet-derived 

growth factor receptor (PDGFR) and the epidermal growth factor receptor (EGFR). Moreover, the PDZ1 

domain was shown to bind to transporters such as the Na+/phosphate transporter type 2a (NPT2a) and 

aquaporin 9 (AQP9), enzymes such as phospholipase C β1, -2, and -3 (PLCβ1, -2, -3) and ion channels 

like the cystic fibrosis transmembrane regulator (CFTR) or classical transient receptor potential channel 

4 and 5 (TRPC4, -5). PDZ2 was shown to bind the Na+/H+ exchanger type 3 (NHE3) and the Gq/11 α 

subunit. The EB domain links NHERF1 to the actin cytoskeleton. The numbers above correspond to 

respective amino acid numbers. Sources: (Shenolikar et al., 2004; Voltz et al., 2001; Weinman et al., 

2006) 

 

In accordance with previous findings, using conventional electrophysiological whole-cell 

recordings of HEK293 cells, it was confirmed that heterologously expressed TRPC5 is inhibited 

by application of OAG (see Figure 10a) or accumulation of endogenous DAG using the DAG 

kinase inhibitor RHC-80267 (Storch et al., 2015). However, robust TRPC5 currents using OAG 

could be evoked when either PKC was inhibited by bisindolylmaleimide I (see Figure 10b) or 

TRPC5 was simultaneously co-expressed with a Gq/11PCR (see Figure 11a). Additionally, 

several PKC-phosphorylation sites that were shown to modify TRPC5 desensitization, 

including a threonine at position 972, were mutated (Zhu et al., 2005). Introduction of the non-

phosphorable amino acid alanine at position 972 (T972A) also rendered TRPC5 perceptive to 

OAG while the pseudo-phosphorylated T972D mutant was not sensitive to OAG (see Figure 
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10c and 10d, respectively). Interestingly, this particular amino acid is present in the C-terminal 

VT972TRL motif of TRPC5 known to be crucial for NHERF1 binding (Tang et al., 2000). We 

hypothesized that the observed susceptibility of TRPC5 to DAG was likely due to loss of 

endogenous NHERF1 binding to the C-terminus VTTRL of TRPC5. 

 

 
Figure 10: TRPC5 channels can be activated by 1-oleoyl-2-acetyl-sn-glycerol (OAG) if 

phosphokinase C (PKC) is inhibited or PKC phosphorylation sites within TRPC5 are modified. 

Figure modified from Storch et al. (2015). (a-d) Exemplary current density (CD) voltage curves, CD time 

courses and summaries of CDs at holding potentials of ±60 mV of whole-cell recordings of HEK293 cells 

expressing TRPC5 (a, b), TRPC5-T972A (c) or TRPC5-T972D (d). Stippled lines indicate zero currents. 

Applications of 100 µM OAG, of acid bath solution with pH 6.5, of 100 µM carbachol (CCh) and of 

300 µM LaCl3 are indicated. (b) TRPC5-expressing HEK293 cells were pre-incubated with the 1 µM of 

the PKC inhibitor bisindolylmaleimide I (BIM I) for 15 minutes. Numbers over bars indicate the number 

of measured cells and of independent transfections. Significant differences were calculated as 

compared to basal CDs before application of stimuli. (mean±sem. two-tailed, paired t-test; *p<0.05, 

**p<0.01, ***p<0.001). 

 

In this scenario, inhibition of PKC would result in the dephosphorylation of T972 in the NHERF1 

binding motif VT972TRL. This results in loss of NHERF1 binding to the C-terminus of TRPC5 

thereby making TRPC5 accessible to DAG. NHERF1 also binds with GPCRs using the same 

PDZ domain that is used to bind TRPC4 and TRPC5 (Tang et al., 2000). This PDZ domain is 

likely to have a higher affinity for Gq/11PCRs compared to TRPC5 channels. This would explain 

why simultaneous overexpression of GPCRs with TRPC5 channels resulted in OAG-sensitive 

TRPC5 channels. This hypothesis was tested by performing immunoprecipitation studies in 

CHO-K1 cells stably overexpressing human NHERF1. As expected, NHERF1 proteins co-

immunoprecipitated with HA-tagged TRPC5 confirming the observations made by Tang et al. 

(2000). However, co-expression of the type-5 muscarinic acetylcholine receptor resulted in 
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loss of NHERF1 binding to TRPC5, confirming the hypothesis that NHERF1 has a higher 

affinity for GPCRs (see Figure 11b).  

 

 
Figure 11: TRPC5 channels co-expressed with a Gq/11PCR (Gq/11 protein-coupled receptor) are 1-

oleoyl-2-acetyl-sn-glycerol (OAG)-sensitive due to dissociation of NHERF1 from TRPC5. Figure 

modified from Storch et al. (2015). (a) Exemplary current density (CD) voltage curves, CD time courses 

and summaries of CDs at holding potentials of ±60 mV of whole-cell recordings of HEK293 cells co-

expressing TRPC5 and muscarinic M5 receptor (M5R). Stippled lines indicate zero currents. Applications 

of 100 µM OAG and of 100 µM carbachol (CCh) are indicated. Numbers over bars indicate the number 

of measured cells and of independent transfections. Significant differences were calculated as 

compared to basal CDs before application of stimuli. (mean±sem. two-tailed, paired t-test; *p<0.05, 

**p<0.01, ***p<0.001). (b) Exemplary result of a co-immunoprecipitation where NHERF1 was co-

immunoprecipitated with TRPC5 tagged with an HA-tag in the second extracellular loop (HAEL2-TRPC5) 

in the absence (lane 3) or presence (lane 4) of N-terminally GFP-tagged M5R in CKO-K1 cells. In lane 

2, an irrelevant control antibody instead of anti HA antibody was used for immunoprecipitation.  

 

To support the hypothesis that presence of NHERF is responsible for the lack of DAG 

sensitivity of TRPC5 channels, endogenous NHERF levels in HEK293 cells were reduced by 

transfection of specific anti-NHERF shRNAs. Again, reduction of either NHERF1 or -2 was 

sufficient to evoke OAG-mediated TRPC5 currents suggesting that the regulation by NHERF 

is not isoform-specific (see Figure 12a-c). Interestingly, a DAG sensitivity of TRPC5 was also 

observed when a mutated NHERF1 construct, in which a glutamate at position 68 within the 

first PDZ domain was altered into an alanine, was co-expressed (see Figure 12d). This 

NHERF1 E68A mutation was first identified in patients with dysfunctional renal phosphate 

reabsorption. In the kidney, NHERF1 normally binds to the main renal phosphate transporter 

NPT2a and to PTH1R and regulates their expression and location at the apical plasma 

membrane of polarized renal proximal tubule cells. As a consequence of the amino acid 
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exchange at position 68, the NPT2a surface expression is reduced since the NHERF1-NPT2a 

interaction is disrupted and phosphate is wasted into the urine (Courbebaisse et al., 2012). In 

our cell systems, NHERF1 E68A mutants caused an OAG sensitivity of TRPC5 even in the 

presence of endogenous wild type NHERF1. This suggests that NHERF1 E68A is not impaired 

in its ability to bind to endogenous wild type NHERF1 but the NHERF1 heterodimers are unable 

to bind to TRPC5. Consequently, the NHERF1-free C-terminus of TRPC5 is now accessible 

to DAG.  

 

 
Figure 12: TRPC5 channels can be activated by 1-oleoyl-2-acetyl-sn-glycerol (OAG) if NHERF 

proteins do not bind to TRPC5. Figure modified from Storch et al. (2015). (a-d) Exemplary current 

density (CD) voltage curves and summaries of CDs at holding potentials of ±60 mV of whole-cell 

recordings of HEK293 cells expressing unrelated control shRNA (a), shRNA against NHERF1 (b), 

shRNA against NHERF2 (c) or the NHERF1 mutant NHERF1-E68A (d). Stippled lines indicate zero 

currents. Numbers over bars indicate the number of measured cells and of independent transfections. 

Significant differences were calculated as compared to basal CDs before application of stimuli. 

(mean±sem. two-tailed, paired t-test; *p<0.05, **p<0.01, ***p<0.001). 

 

The importance of the C-terminal VTTRL motif was confirmed by creating a truncated TRPC5 

construct that lacked the last five amino acids. However, functionality of the TRPC5 ∆971 

mutant in whole-cell recordings was never observed likely because the truncated TRPC5 did 

not reach the plasma membrane (data not shown) (Storch et al., 2015). These results are in 

contrast to the observations made by Kaczmarek et al. (2012), who postulated that TRPC5 

proteins can be cleaved by the protease calpain. Activation of calpain resulted in functional C-

terminally truncated TRPC5 proteins that had higher activity compared to non-truncated 

TRPC5. The authors suggest that TRPC5 is likely cleaved at a threonine at position 857 within 

the calpain cleavage site. They confirmed that TRPC5 truncated at N854 still forms functional 

channels in the plasma membrane. However, it remains unclear how TRPC5 is activated upon 

cleavage of its C-terminus. The discrepancy observed in our own study (Storch et al., 2015) 

and that by Kaczmarek and coworkers (2012) could be explained due to use of different 
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truncation mutations. While only the last five amino acids were truncated in our own study, 

Kaczmarek et al. (2012) used a TRPC5 ∆855 mutant that might have overcome the obstacles 

that prevented the TRPC5 ∆971 mutant from reaching the plasma membrane.  

Next to TRPC5, the close family member TRPC4 is also known to be regulated by NHERF 

proteins that bind to the C-terminus of TRPC4 using the same VTTRL motif that is present in 

TRPC5 (Tang et al., 2000). Similar to TRPC5, TRPC4 channels are normally not susceptible 

to DAG or its derivatives. Due to the high commonality between TRPC4 and -5 proteins, it can 

be hypothesized that TRPC4 might be similarly regulated by NHERF proteins. This hypothesis 

was confirmed by co-expression of TRPC4β with GPCRs in HEK293 cells. Indeed, co-

expression of TRPC4β with the histamine receptor resulted in TRPC4-mediated currents upon 

simulation of cells with OAG (Storch et al., 2015). This result indicates that TRPC4 and -5 

proteins are alike in their regulation by NHERF proteins and both channels can be activated 

by DAG or its derivatives when NHERF binding with their C-terminus is impeded.  

To address the question of whether activation of TRPC4 or -5 by OAG is solely a phenomenon 

seen in heterologous cell systems, two cell lines that endogenously expressed either high 

levels of TRPC4 or -5 were used (see Figure 13). The human-derived renal proximal tubule 

cell line HKC8 expressed high levels of TRPC4 and NHERF1 and marginal levels of TRPC5 

but no TRPC6 while the immortalized mouse hippocampal HT22 cell line expressed high levels 

of TRPC5 but no TRPC3, -6 or -7 (Storch et al., 2015). In electrophysiological whole-cell 

recordings of HKC8 cells, OAG was not sufficient to evoke a TRPC4-mediated response while 

the TRPC4 and -5 potentiator lanthanum evoked a significant increase in current (see Figure 

13a). These results suggest that the highly expressed endogenous TRPC4 channels are not 

DAG sensitive. However, similar to our findings in HEK293 cells, either inhibition of PKC or the 

overexpression of NHERF1 E68A was sufficient to cause an OAG sensitivity of HKC8 cells 

(see Figure 13b and 13c), which confirms that TRPC4 activation via DAG is a physiologically 

meaningful phenomenon. Similar results were found for TRPC5 channels expressed in HT22 

cells (Storch et al., 2015). While OAG alone was not sufficient to evoke TRPC5 activation, 

suppression of PKC activity caused a DAG sensitivity of HT22 cells (see Figure 13d and 13e 

respectively). The observation that the DAG sensitivity in the presence of the PKC inhibitor 

was indeed mediated by TRPC5 channels was confirmed by reducing endogenous TRPC5 

levels using shRNA against TRPC5. Indeed, the DAG sensitivity of HT22 was abolished in the 

presence of TRPC5 shRNA confirming that endogenous TRPC5 is activated by DAG once 

PKC is suppressed (see Figure 13f).  

TRPC5 and the long isoform of human TRPC4α channels are known to be inhibited by the 

presence of lysophospholipids which means that decreasing the levels of PIP2 causes current 

potentiation (Kim et al., 2008; Trebak et al., 2009). It has been postulated that membrane-

resident PIP2 interacts with the C-terminus of TRPC4α and stabilizes the closed channel 
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conformation in the presence of NHERF1 (Otsuguro et al., 2008). We speculated that the 

consequence of PIP2 depletion is the reconfiguration of the C-terminus of TRPC4 and -5. The 

newly adopted active conformation may now be susceptible to DAG, which means that the  

 
Figure 13: Endogenous TRPC4 and -5 can be activated by 1-oleoyl-2-acetyl-sn-glycerol (OAG) if 

PKC is suppressed or NHERF-E68A is co-expressed. Figure modified from Storch et al. (2015). (a-

f) Exemplary current density (CD) voltage curves and summaries of CDs at holding potentials of ±60 

mV of whole-cell recordings of the human-derived renal proximal tubule cell line HKC8 (a-c) and mouse 

hippocampal HT22 cells (d-f). (b, e) Cells were pre-incubated with the 1 µM of the PKC inhibitor 

bisindolylmaleimide I (BIM I) for 15 minutes. (c, f) Cells were transfected with mutant NHERF1-E68A (c) 

or shRNA against TRPC5 (f).  Stippled lines indicate zero currents. Applications of 100 µM OAG and of 

300 µM LaCl3 are indicated. Numbers over bars indicate the number of measured cells and of 

independent transfections. Significant differences were calculated as compared to basal CDs before 

application of stimuli. (mean±sem. two-tailed, paired t-test; *p<0.05, **p<0.01, ***p<0.001). 

 

PLC product DAG would be the actual activator of the channels after PLC activation. PIP2 

depletion in whole-cell measurements with HEK293 cells overexpressing TRPC5 was 

sufficient to cause TRPC5 channel potentiation (see Figure 14a). In the study from Storch et 

al. (2015), it did not matter whether the PIP2 depletion was introduced by blockage of PIP2 

production via phosphoinositide 3-kinase or phosphoinositide 4-kinase, by scavenging of 

existing PIP2 using poly-L lysine or by rapamycin-induced conversion of PIP2 to 

phosphoinositides (PI) using co-expressed phosphatases (for methodical details see Lindner 

et al., 2011). These findings demonstrate that activation of TRPC5 by PIP2 depletion is not the 

result of PIP2 degradation products that subsequently signal to TRPC5, but loss of PIP2 per se 



IV Discussion 

125 
 

is sufficient to evoke channel activation. Interestingly, when OAG was applied after maximal 

PIP2 depletion-evoked currents were reached, TRPC5 currents were further increased 

indicating that PIP2 depletion provokes TRPC5 to adapt a conformation that is susceptible to 

DAG (see Figure 14b).  

 

 
Figure 14: Phosphatidylinositol (3,4)-bisphosphate (PIP2) depletion causes TRPC5 channel 

activation by 1-oleoyl-2-acetyl-sn-glycerol (OAG). Figure modified from Storch et al. (2015). (a, b) 

Exemplary current density (CD) voltage curves, CD time courses and summaries of CDs at holding 

potentials of ±60 mV of whole-cell recordings of HEK293 cells expressing TRPC5 (a, b). Applications of 

100 µM OAG, 20 µM of the phosphoinositide-kinase inhibitor wortmannin (wort) (a), of 100 µM 

carbachol (CCh) (b) and of 300 µM LaCl3 are indicated. Stippled lines indicate zero currents. Numbers 

over bars indicate the number of measured cells and of independent transfections. Significant 

differences were calculated as compared to basal CDs before application of stimuli. (mean±sem. two-

tailed, paired t-test; *p<0.05, **p<0.01, ***p<0.001).  

 

To investigate whether PIP2 depletion indeed evokes a conformational change of the C-

terminal region of TRPC5, dynamic FRET with HEK293 cells co-expressing the C-terminally 

CFP- and YFP-tagged TRPC5 construct was performed (Storch et al., 2015). Depletion of PIP2 

did result in decreased FRET signals, which indicates that the CFP- and YFP-tagged TRPC5 

C-termini veer away from each other (data not shown). Additionally, dynamic FRET 

measurements using cerulean-tagged NHERF1 and eYFP-tagged TRPC5 constructs were 

performed (see Figure 15). Again, PIP2 depletion caused decreasing FRET signals indicating 

that NHERF1 and TRPC5 move away from each other in the absence of PIP2 (Figure 15a). 

Furthermore, NHERF1 separates from TRPC5 after simulation of cells with the endogenous 

muscarinic acetylcholine receptor agonist carbachol (Figure 15a). Thus, these findings confirm 
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our hypothesis that receptor activation results in PIP2 cleavage and DAG formation that 

subsequently lead to NHERF dislocation from the C-terminus of TRPC5. TRPC5 now adapts 

to a new conformation that is sensitive to DAG. Interestingly, no alterations in FRET signals 

were observed upon PIP2 depletion or stimulation with carbachol once the TRPC5 T972A 

mutant was expressed (see Figure 15b) while the pseudophosphorylated T972D mutant was 

still responsive to stimulation with both agents (Storch et al., 2015). This supports the 

electrophysiological findings that TRPC5 T972A is always susceptible to DAG because 

NHERF1 is not bound to the C-terminus of TRPC5. Since TRPC5 T972A is not bound to 

NHERF1, no change in FRET signals upon stimulation with wortmannin or carbachol was 

observed which would normally result in loss of NHERF1 binding with wild type TRPC5.  

 

 
Figure 15: Phosphatidylinositol (3,4)-bisphosphate (PIP2) depletion or Gq/11 protein-coupled 

receptor activation causes NHERF dissociation from the C-terminus of TRPC5. Figure modified 

from Storch et al. (2015). (a-c) Dynamic intermolecular FRET measurements with dual-emission 

photometry between N-terminally cerulean-tagged NHERF1 (Cerulean-NHERF1) and C-terminally 

eYFP-tagged TRPC5 (a) and C-terminally eYFP-tagged TRPC5-T972A (b). Applications of 20 µM 

wortmannin (Wort) and of 100 µM carbachol (CCh) are indicated. (a) Exemplary FRET measurement of 

TRPC5-eYFP and Cerulean-NHERF1 transfected HEK293 cells showing normalized fluorescence 

traces of cerulean (cyan) and eYFP (yellow) on excitation of 430 nm (left panel) and respective 

exemplary trace of the FRET signal (right panel). (b) Exemplary FRET signal of TRPC5-T972A-eYFP 

and Cerulean-NHERF1 transfected HEK293 cells. (c) Summary of changes of FRET signal amplitudes 

induced by wortmannin (cyan bars) or CCh (dark blue bars) in both orders of application. Numbers 

indicate the numbers of measured cells from at least 4 independent experiments. Significant differences 

as compared to wild-type TRPC5-eYFP expressing cells (mean±sem, two-tailed, unpaired t-test; 

**p<0.01, ***p<0.001, black asterisks). Significant differences as compared to TRPC5-T972D-eYFP 

expressing cells (mean±sem, two-tailed, unpaired t-test; **p<0.01, ***p<0.001, gray asterisk). 

 

It is interesting to speculate on how PIP2 depletion effects the C-terminal conformation of 

TRPC5. A direct binding of PIP2 to the C-terminus of TRPC5 has never been demonstrated, 

although others reported that PIs, such as PIP2 and phosphatidylinositol 3,4,5-trisphosphate 

(PIP3), bind to the C-terminus of other TRPCs including TRPC1, -4α, -6 and -7 (Friedlova et 

al., 2010; Kwon et al., 2007; Otsuguro et al., 2008). In case of TRPC1, -6 and -7, PIP3 binding 
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disrupts the binding of inhibitory calmodulin thereby activating the TRPC channels. The PIP2 

dependency of TRPC4 seems isoform-specific since only the longer TRPC4α isoform but not 

the shorter TRPC4β lacking 84 amino acids in the C-terminus was shown to be inhibited by 

PIP2 (Otsuguro et al., 2008). Interestingly, Otsuguro and coworkers (2008) also reported that 

the PIP2-dependent inhibition of TRPC4α was gone when the C-terminal TTRL motif was 

truncated. This is in accordance with our findings, which showed that the absence of NHERF 

(or the absence of PIP2) leads to a conformational rearrangement of the C-terminus which 

subsequently confers OAG sensitivity to TRPC5. We postulate that the truncated TRPC4α 

establishes a new conformation that is incapable of binding to PIP2 and is therefore susceptible 

to DAG. However, the DAG sensitivity of TRPC4 was not analyzed in greater detail. Therefore, 

subunit- or isoform-specific differences between TRPC4 and TRPC5 cannot be rigorously 

ruled out. In contrast to the above-mentioned TRPC channels, binding of PIs to the C-terminus 

of TRPC5 was not found (Kwon et al., 2007; Otsuguro et al., 2008). The binding of TRPC5 to 

PIP2 might therefore be indirectly mediated by associated proteins. A possible PIP2-binding 

partner could be the cytoskeletal protein spectrin.  

Spectrins are large, cytoskeletal, and heterodimeric proteins composed of modular structure 

of α-and β-subunits that are crucial for the maintenance of cell stability, cell structure and cell 

shape (reviewed in Zhang et al., 2013). Furthermore, it is needed for diverse cellular functions 

including adhesion, spreading and cell cycle. A characteristic of spectrins are the 106 

contiguous amino acid sequence motifs called spectrin repeats that are repeatedly present in 

all spectrin isoforms. There are two α- and five β-subunits of human spectrin (αI, αII, βI- βV). 

α- and β-subunits share approximately 30% similarity, and the subunits associate laterally to 

form anti-parallel heterodimers. These heterodimers then connect head-to-head to form 

heterotetrameric spectrin filaments that are linked by actin, thereby forming a pentagonal or 

hexagonal arrangement. The β-spectrins contain two binding sites for PIP2: One located in the 

pleckstrin homology (PH) domain the other located in the N-terminal actin-binding site while α-

spectrin contains no known PIP2-binding sites (reviewed in Grzybek et al., 2006). Spectrins 

are known to associate with multiple proteins including TRPC4 (Odell et al., 2008), while 

TRPC5 and TRPC6 were shown to co-immunoprecipitate spectrin from rat brain (Goel et al., 

2005).  

Odell et al. (2008) demonstrated binding of TRPC4 depends on amino acids 730–754 in 

TRPC4 and on the last three spectrin repeats within αII spectrin. Comparison of TRPC4 and -

5 shows that the binding site of spectrin is conserved in TRPC5 differing in only two amino 

acids while other TRPC proteins have less similarity in the putative spectrin-binding site (see 

Figure 16). It was shown that insertion of TRPC4 into the plasma membrane following 

activation of the epidermal growth factor receptor is accompanied by the dissociation of 

spectrin-TRPC4 interaction (Odell et al., 2008). Similar activation mechanisms can now be 
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postulated for TRPC5: In the non-agonist stimulated situation, the C-terminus of TRPC5 is 

occupied by NHERF and by spectrin, which in turn is bound to PIP2. This TRPC5 conformation 

is not susceptible to endogenous DAG. However, upon activation of receptors and subsequent 

conversion of PIP2 to DAG and IP3, the TRPC5/spectrin/PIP2/NHERF complex dissociates 

leading to a C-terminal rearrangement of TRPC5 and causing DAG sensitivity of the channel 

(see Figure 17).  

 

 
Figure 16: Sequence alignment of the putative spectrin-binding domain of human TRPC proteins. 

The putative spectrin-binding domain in TRPC4 and TRPC5 are highlighted in yellow. Negatively 

charged residues are indicated in blue while positively charged residues are shown in red. Highly 

conserved tryptophans are indicated in magenta. Green boxes highlight differences between TRPC4 

and TRPC5.  

 

The lipid dependency of TRPC5 channels has raised the question of whether TRPC5 channels 

can be mechanically activated as well. Gomis et al. (2008) proposed that hypoosmotic- and 

positive pressure-induced membrane stretch activates TRPC5 channels. In a follow-up study, 

the same group showed that activation of TRPC5 was likely subsequent to mechanically-

induced and phospholipase C-dependent membrane translocation of TRPC5 to the plasma 

membrane (Jemal et al., 2014). These data argue against mechanically-gated TRPC5 

channels and support our notion of mechanically activated Gq/11PCRs, which in turn enhance 

TRPC5 activity by regulating TRPC5 trafficking and PLC-dependent production of the TRPC5 

activator DAG.  

 

On the basis of our findings, we propose the following activation mechanism for TRPC4 and -

5 channels (see Figure 17): 

1. In the non-stimulated situation, the C-termini of TRPC4 and -5 are phosphorylated by 

PKC creating a binding site for NHERF. Additionally, the middle region of C-termini 

either binds to PIP2 itself or binds a PIP2-binding protein like spectrin. The resulting 

channel conformation is insensitive to DAG.  

2. Agonist- or mechanically-induced activation of Gq/11PCRs results in the PLC-mediated 

conversion of PIP2 to IP3 and DAG.  
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3. PIP2 depletion results in a rearrangement of the C-terminal region of TRPC4 and -5. 

This provokes NHERF1 to dislocate from TRPC4 and -5 making the channels 

accessible to DAG. It should be noted that in our investigation either NHERF1 depletion 

or PIP2 depletion are sufficient to result in DAG-sensitivity of TRPC5. This suggests 

that the loss of NHERF1 at the C-terminus of TRPC5 can cause a TRPC5 re-

conformation by itself.  

4. The newly-adapted TRPC5 conformation is now susceptible to DAG that has been 

produced by PLC. TRPC5 is activated and channels sodium and calcium to the inside 

of the cell. 

 

In summary, the findings from Storch et al. (2015) assert that receptor activation by mechanical 

stimuli or by the respective agonist results in PLC activation comprising PIP2 cleavage and 

DAG formation. PIP2 depletion leads to the dislocation of NHERF and reorganization of the 

TRPC4 and -5 channels arousing DAG sensitivity of TRPC5. Thus, TRPC4 and -5 channels 

are activated during receptor activation just like the other DAG-sensitive family members 

TRPC3, -6 and -7.  
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Figure 17: Proposed model of activation for TRPC4 and -5 channels. The channels are depicted in 

non-stimulated and non-diacylglycerol (DAG) sensitive situation (top) and in a stimulated, DAG-sensitive 

state (bottom). Additionally, possible intervention strategies causing DAG sensitivity of TRPC4 and -5 

are listed. In the non-stimulated case, classical transient receptor channel TRPC4 and -5 are 

phosphorylated by phosphokinase C (PKC) and the C-terminus is either directly bound to 

phosphatidylinositol (3,4)-bisphosphate (PIP2) or a PIP2-binding protein (blue box) of unknown identity. 

This C-terminal conformation makes the VTTRL motif at the end of TRPC4 and -5 available for binding 

of the PDZ-containing adaptor proteins NHERF1 and -2. In this situation, TRPC4 and -5 are not 

susceptible to stimulation with DAG. However, if the Gq/11 protein-coupled receptors (Gq/11PCRs) are 

activated by mechanical stimuli or their respective agonists, phospholipase Cβ (PLCβ) converts PIP2 to 

DAG and the second messenger inositol 1,4,5-trisphosphate (IP3). Loss of PIP2 in the vicinity of the 

TRPC channels results in a reconfiguration of the C-terminal region, triggering NHERF dislocation. The 

newly adapted TRPC4 and -5 conformation now makes the channels sensitive to stimulation with DAG.  
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Mechanosensitive elements in smooth muscle cells: Role of AT1B 

Arterial smooth muscle cells are intrinsically mechanosensitive cells that respond to increased 

internal pressure with vasoconstriction while vascular smooth muscle cells of larger vessels 

passively enlarge their diameter in order to maintain vascular tone (Bayliss, 1902). Previous 

studies have highlighted the importance of mechanically activated Gq/11PCRs in vascular 

smooth muscle cells in small resistance arteries and arterioles (Mederos y Schnitzler et al., 

2008). Importantly, the activation of Gq/11PCRs occurred in an agonist-independent manner. In 

our study, the importance of various Gq/11PCRs in the signaling cascade leading to myogenic 

vasoconstriction was employed by comparing mRNA expression levels in resistance versus 

non-resistance arteries (Blodow et al., 2014). The expression of angiotensin AT1B, vasopressin 

V1A, endothelin ETA, endothelin ETB, adrenoceptors α1A, α1B, α1D, and α2B receptors in small 

resistance arteries was significantly enriched. Subsequent pharmacological blockage of the 

Gq/11PCRs showed that only AT1A, AT1B, ETA and the α1 receptors contributed to myogenic 

vasoconstriction. Interestingly, the selective suppression of the receptors by antagonists or 

reverse agonists showed a pressure dependency: Blockage of ETA resulted in a suppressed 

myogenic tone at middle pressure ranges, blockage of AT1 receptors resulted in impaired 

myogenic tone at middle-high internal pressures while inhibition of α1 receptors led to 

suppression of myogenic tone at high pressures. This suggests that the receptors have 

individually distinct thresholds for mechanical activation and work in tandem to cover the whole 

physiologically relevant spectrum.  

Of all the tested receptors, blockage of AT1 receptors showed the most pronounced effect 

(Blodow et al., 2015). In contrast to humans, rodents possess two AT1 receptor isoforms: AT1A 

and AT1B, both of which are very similar in structure and function (Tian et al., 1996) and cannot 

be rigorously differentiated by antibodies and blockers. The high expression of AT1B compared 

to AT1A was intriguing since it suggests that the AT1 receptor isoforms have distinctly different 

functions. This notion is in accordance with studies using mice with a disrupted angiotensin 

signaling: AT1A-deficient mice have reduced blood pressure but normal myogenic tone while 

AT1B- and angiotensinogen-deficient mice have normal blood pressure but reduced myogenic 

tone (Chen et al., 1997; Tanimoto et al., 1994). See Table 2 for an overview of the mice with 

disrupted angiotensin systems, their blood pressure and myogenic tone. Interestingly, double 

AT1-deficient mice have reduced blood pressure and show abnormal behavior to infusion of 

angiotensin II but respond normally to the vasoconstrictor epinephrine (Oliverio et al., 1998). 

Additionally, AT1A/B
-/- mice have diminished growth, vascular thickening within the kidney and 

atrophy of the inner renal medulla very much similar to angiotensinogen- and angiotensin-

converting enzyme-deficient mice that are unable to synthesize angiotensin II. These data 
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support the notion of agonist-independent activation of AT1 receptors and indicate distinctly 

different functions of the AT1 receptor isoforms. 

 

Mice 
Blood pressure 

(mmHg) 
Myogenic tone compared to 

wild type 
References 

AT1A
-/- Reduced: 89 ± 4 

(systolic) 
Reduced to 90% (Blodow et al., 2014; Ito 

et al., 1995) 

AT1B
-/- Unaffected: 114 ± 3 

 
Reduced to 70 % (Blodow et al., 2014; 

Oliverio et al., 1998) 

AT1A/1B
-/- Reduced: 87 ± 3 

(systolic) 
Increased at low pressure 
ranges (10–80 mmHg), 
reduced to ~70% at high 
pressure ranges (90–
120 mmHg) 

(Oliverio et al., 1998; 
Storch et al., 2014) 

Agt-/- Reduced: 67 +/- 4 
(systolic) 

Unaffected (Blodow et al., 2014; 
Tanimoto et al., 1994) 

Table 2: An overview of the properties of mice with a disrupted angiotensin system. Blood 

pressure values as well as reduction of myogenic tone of the gene-deficient mice compared to wild type 

mice and the relevant literature are listed. Abbreviations: AT1 = angiotensin II type1; Agt = 

angiotensinogen. 

 

To investigate whether the pronounced role of AT1B receptors in VSMCs was the result of 

higher receptor density, VSMCs were isolated and mechanically stimulated with hypotonic 

solution (Blodow et al., 2014). Interestingly, calcium recordings of freshly isolated VSMCs 

showed that VSMCs expressing only AT1B were more sensitive to mechanical stimulation 

experiments in comparison to the VSMCs that solely expressed AT1A. However, these results 

can be explained by much higher expression levels of AT1B in AT1A-deficient VSMCs as 

compared to AT1A levels in AT1B-deficient VSMCs and do not necessarily promote the idea of 

a more mechanosensitive AT1B isoform. The question of a more mechanosensitive AT1B 

receptor was addressed in experiments with cultured VSMC that exhibited similar AT1 isoform 

levels. Calcium recordings revealed that VSMCs expressing only AT1B proteins were 

significantly more sensitive to hypotonic stimulation in comparison to VSMCs expressing equal 

amounts of AT1A, thereby supporting the hypothesis of a more mechanosensitive AT1B isoform.  

However, loss of AT1B accounted only for around 50% reduction in myogenic tone after 

blockage of AT1R using losartan or 30% in AT1B-deficient arteries, suggesting that other 

signaling pathways besides AT1Rs might participate in myogenic tone. Surprisingly, a follow-

up study by our own group showed that AT1A/1B double gene-deficient arteries exhibited an 

increased myogenic tone at low and a reduced myogenic tone at high intraluminal pressures 
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respectively (Storch et al., 2014). Double AT1R-deficient mice have previously been shown to 

have reduced blood pressure but seemed unimpaired in their responsiveness to epinephrine 

(Oliverio et al., 1998). Additionally, mice without AT1Rs show abnormalities in growth and body 

weight and kidney morphology as well as reduced survival rate, thereby highlighting the 

importance of AT1Rs in viability and health. Since AT1Rs are of pivotal importance for the 

regulation of blood flow, it seems likely that compensation mechanisms occur when AT1Rs are 

missing. Indeed, Storch et al. (2014) found that the Gq/11PCR CysLT1R was up-regulated in 

AT1Rs-deficient arteries as an essential backup strategy to compensate for the loss of AT1Rs. 

Up-regulation of CysLT1R explains the increased myogenic tone at low intraluminal pressure: 

CysLT1Rs possess a higher sensitivity for mechanical stimuli at low pressure ranges as 

compared to AT1Rs resulting in hyperactivity of AT1R-deficient arteries. However, at high 

intraluminal pressures, mechanical activation of CysLT1Rs cannot compensate for the loss of 

AT1Rs, thereby explaining the reduced myogenic tone at higher pressure ranges. Interestingly, 

simultaneous loss of AT1Rs and CysLT1Rs reduced myogenic tone to a total of 40% in 

comparison to wild type arteries. This implies that agonist-independent mechanical activation 

of Gq/11PCRs AT1Rs and CysLT1Rs determines roughly 60% of the myogenic tone. These 

results could be verified by using the selective Gq/11 protein blocker YM-254890 on wild type 

arteries. YM-254890 blocked myogenic tone to a similar extent as observed after simultaneous 

blockade of AT1Rs and CysLT1Rs, indicating that myogenic vasoconstriction is mainly 

mediated through the Gq/11 protein pathway.  

Since mechanical activation of GPCRs does not account for 100% of myogenic tone, other 

intrinsic mechanosensitive proteins are likely to be involved. For example, Gi/oPCRs or GsPCRs 

could function as mechanosensors in VSMCs conveying force to cation channels. There are 

several studies that have reported mechanotransduction properties of both receptor types 

(Abdul-Majeed and Nauli, 2011; Makino et al., 2006; Zhang et al., 2009). Recent investigations 

have even revealed that the mechanotransducing TRPC4 and TRPC5 channels can be 

activated by the activation of Gαi subunits or by the Gs protein cascade involving cAMP (Hong 

et al., 2012; Jeon et al., 2013). Apart from GPCRs, PLA2 isoforms could convey the mechanical 

stimulus to TRPC proteins. It has previously been shown that PLA2 isoforms are indeed 

expressed in VSMCs and that mechanical activation of PLA2 results in activation of TRPC6 

(Inoue et al., 2009). PLA2 liberates AA from the plasma membrane that is metabolized to 20-

hydroxyeicosatetraenoic acid (20-HETE). The presence of 20-HETE was shown to potentiate 

TRPC6 activity (Inoue et al., 2009), but it is also known to be a potent myogenic vasoconstrictor 

by blocking potassium channels inside the cell which subsequently results in membrane 

depolarization (Roman and Harder, 1993).  
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On the basis of the findings from Blodow et al. (2014) and the relevant literature, we therefore 

propose the following mechanism for the regulation of myogenic tone in VSMCs (see Figure 

18): 

1. Increased intraluminal pressure results in mechanical activation of the 

mechanosensing GPCRs, including the highly mechanosensitive Gq/11PCR AT1B and 

CysLT1 receptor. Another mechanosensory element could be PLA2 that generates AA. 

AA is converted to 20-HETE, a known potentiator of TRPC6 and blocker of potassium 

channel activity.  

2. AT1B and CysLT1 receptors activate their associated Gq/11 proteins, which subsequently 

activate PLC. 

3. PLC converts PIP2 into inositol 1,4,5-trisphosphate (IP3) and DAG. 

4. Activation of the mechanotransducing TRPC channels by DAG results in depolarization 

of the membrane potential. Depolarization causes an increase in the open probability 

of L-type voltage-gated calcium channels resulting in calcium entry. Elevation of the 

free intracellular calcium concentration ends in vasoconstriction. 

 

 
Figure 18: Mechanical activation of Gq/11 protein-coupled receptors (Gq/11PCRs) in vascular 

smooth muscle cells (VSMCs). The Gq/11PCRs angiotensin II type 1B (AT1B) and cysteinyl leukotriene 

1 receptors (CysLT1Rs) are activated by increased intraluminal pressure. Activation of associated Gq/11 

proteins activates TRPC channels resulting in an influx of cations. This results in a depolarized 

membrane potential (Vm) that subsequently opens voltage-gated L-type calcium channels (CaV). 

Calcium entry via CaV channels further depolarizes the cell that terminates in myogenic vasoconstriction. 

Activation of Gq/11PCRs accounts for roughly 60% of myogenic tone while the remaining 40% might be 

explained by mechanical activation of the mechanosensory element phospholipase A2 (PLA2). PLA2 

potentiates TRPC currents via liberation of archidonic acid (AA), which is converted to 20-HETE by ω-

hydroxylase. Additionally, 20-HETE can induce myogenic vasoconstriction by blocking potassium 

channels, which results in depolarized membrane potentials (pathway not shown).  
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In summary, the findings from Blodow et al. (2015) demonstrate that besides 

mechanosensitive cation channels of unknown identity, the ligand-independent activation of 

mechanosensitive Gq/11PCRs like CysLT1R and AT1Rs is responsible for up to 60% of 

myogenic tone. Special attention needs to be paid to the mechanosensory properties of the 

rodent AT1B, which is more mechanosensitive than AT1A. Humans do not possess two AT1 

receptor isoforms but seemingly combine the properties of AT1A and AT1B in one protein. A 

detailed understanding of the cellular mechanisms that are pertinent to myogenic 

vasoconstriction will help to identify new therapeutic targets in order to treat diseases with 

dysfunctional myogenic vasoconstriction such as systemic hypertension, diabetes, and stroke.  

 



IV Discussion 

136 
 

Mechanosensitive elements in podocytes: Role of P2X channels 

Podocytes are highly specialized visceral epithelial cells lining the Bowman’s capsule in the 

kidneys that wrap around the capillaries of the glomerulus (see Figure 19, left). Podocytes 

contain a major body as well as major and secondary foot processes. The secondary 

processes are actin-rich and interdigitate with neighboring foot processes. These foot 

processes are bridged by special zipper-like dynamic protein-protein interactions called the slit 

membrane. Slit membrane proteins include cell-cell linker proteins such as nephrin and Neph1-

3, regulatory proteins like the stomatin family member podocin or the ion channel TRPC6, and 

the actin-associated proteins CD2-associated protein (CD2AP) and synaptopodin (see Figure 

19, right). Like other cell-cell contacts, the slit membrane is pivotal to the maintenance of cell 

polarity, cell survival and actin dynamics (for review see Huber and Benzing, 2005). However, 

the slit membrane is unique among other cell-cell contacts in serving as a filtration barrier that 

prevents loss of macromolecules to the urine. This observation was made after it became 

obvious that the loss of slit membrane components results in heavy proteinuria (summarized 

in Akchurin and Reidy, 2015; Machuca et al., 2009 and Zenker et al., 2009).  

 

 
Figure 19: Podocyte structure and function. Left: Image adapted from Smoyer and Mundel, 1998. 

Scanning electron microscope micrograph of a glomerular podocyte as seen from the urinary space. 

The podocytes wrap the underlying capillaries completely with their major cell body from which thick 

primary processes branch. Primary processes further ramify into small foot processes that interdigitate 

with adjacent foot processes. Right: Schematic drawing of two adjacent podocyte foot processes sitting 

on top of the glomerular basal membrane (GBM). The foot processes are connected to each other by 

special protein-protein interactions called the slit membrane. Several proteins shown to be essential for 

proper podocyte function are depicted. Abbreviations: AT1R = angiotensin II type 1 receptor, CD2AP = 

CD2-associated protein. 

 

The slit membrane as well as the apical site of the podocytes are constantly exposed to 

mechanical stress generated by blood flow through the glomerular capillaries. Podocytes 

respond to high mechanical load, for instance, in diseases like hypertension, with retraction of 
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their foot processes that result in the loss of ultrafiltration barrier and therefore loss of proteins 

to the urine. This process is reversible and provides a protection mechanism for podocytes 

counteracting high-pressure situations. The mechanisms of sensing mechanical stimulation in 

podocytes is poorly understood, although several studies suggest that TRPC6 expressed at 

the slit membrane of podocytes could form a mechanosensitive ion channel complex (Huber 

et al., 2006). TRPC6 per se is not intrinsically mechanosensitive (Gottlieb et al., 2008; Mederos 

y Schnitzler et al., 2008), but podocytes express the MEC-2 homologue podocin. Podocin has 

been shown to regulate the activity of TRPC6 in a cholesterol-dependent manner (Huber et 

al., 2006). This has led to the hypothesis that a TRPC6/podocin channel complex could 

respond directly to deformation of the plasma membrane similar to the Deg/ENaC/MEC-2 

channel complex that is known to transduce gentle touch in C. elegans (compare illustrations 

in Figure 20). In this scenario, podocin would alter the local lipid environment surrounding the 

TRPC6 channel, thereby facilitating the ability of TRPC6 to respond to mechanically-induced 

deformations in the plasma membrane.  

 

 
Figure 20: Schematic representation of the mechanosensitive ion channel complex Deg/ENaC in 

C. elegans and a putative ion channel complex containing TRPC6 in podocytes. In C. elegans, the 

mechanosensitive ion channel complex contains the ion channel-forming proteins MEC-4 and MEC-10, 

which are linked to the extracellular matrix (ECM) via MEC-6 and to the intracellular matrix via MEC-2. 

In podocytes, the classical transient receptor potential channel 6 (TRPC6) binds to the MEC-2 

homologue podocin which is linked to F-actin fibers. Abbreviations: Deg/ENaC = degenerin/epithelial 

Na+ channel.  

 

To investigate the possibility of a TRPC6-containing mechanosensitive ion channel complex 

in podocytes, the mechanotransduction properties of murine podocytes were carefully 

analyzed with the use of conventional whole-cell recordings (Forst et al., 2015). Mouse 

podocytes from healthy three-week-old mice were isolated by using the sieve method and 

maintained the podocytes in culture for 10 days before experiments were performed. This 
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podocyte isolation protocol was successfully used previously by our own group to show native 

TRPM7 expression and PLCε-induced TRPC6 activation in podocytes (Chubanov et al., 2012; 

Kalwa et al., 2014). Additionally, our findings were confirmed by using differentiated 

conditionally immortalized murine podocytes. These podocytes are isolated from the 

Immortomouse and can be cultured at permissive conditions, that result in a proliferating 

phenotype and at non-permissive condition, that result in fully differentiated podocytes 

successfully expressing podocyte markers and constructing a slit membrane-like structure 

(Shankland et al., 2007). To ascertain that the primary podocytes and the conditionally 

immortalized cells were indeed podocytes, the expression of several podocyte-specific 

markers on mRNA level was confirmed. In addition, expression of podocin and nephrin was 

confirmed on the protein level. Morphologically, cultivated cells at Day 10 were morphologically 

large (up to 300 µm), flat, often binucleated and arborized cells with well-developed 

processes—a phenotype that resembles in vivo podocytes (Shankland et al., 2007). 

Dissociated cells usually presented less-pronounced processes, while the other characteristics 

did not alter. In whole-cell recordings, the large cell membrane capacity of roughly 71 pF 

(n = 362) for primary podocytes and 63 pF (n = 52) for conditionally immortalized podocytes 

was another useful criterion to distinguish podocytes from fibroblast (maximum of 50 pF), 

juxtaglomerular (3 pF) or endothelial cells (12 pF) (Friis et al., 1999; Walsh and Zhang, 2008; 

Zhang et al., 2008). Although several criteria were used to ascertain that our cells were indeed 

podocytes, it cannot rigorously be ruled out that cross-contaminations with other cell lines like 

fibroblast especially in multi-cell experiments were present. One way to circumvent this 

problem would be to use transgenic mice that express a reporter protein under the control of 

a podocyte-specific promoter. An example would be the double fluorescent Cre reporter mouse 

that carries a loxP-flanked Tomato cassette. Upon Cre-mediated excision of mTomato, the 

alternate reporter membrane-targeted GFP (mGFP) is expressed (Muzumdar et al., 2007). 

Placing the Cre recombinase placed under the control of the NPHS2 promoter would result in 

green fluorescent podocytes while all the other cells would express the red fluorescent 

mTomato. In this way, the efficiency of the isolation could be assessed by using a fluorescent 

approach. Additionally, automated sorting of cells based on their fluorescence can be 

performed after isolation and culturing of the cells. Alternatively, instead of controlling mRNA 

expression of several podocyte-specific markers of a whole podocyte population, single-cell 

mRNA levels could be investigated by using single-cell polymerase chain reaction.  

To mechanically stimulate the cells used in our study, cells were perfused with a 

240 mOsmol•kg-1 hypotonic solution containing the same ions as the normal bath solution that 

was supplemented with mannitol to 300 mOsmol•kg-1. Perfusion of cells with a hypotonic 

solution results in approximately 148.4 kPa osmotic pressure at room temperature using the 

Morse equation leading to water influx into the cell and, therefore, to membrane stretch. 
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However, hypotonic solution has several adverse effects, which include pH shifts and dilution 

of internal factors like calcium. These adverse effects were controlled by using a pipette 

solution containing 10 mM BAPTA resulting in 100 nM free calcium. Since the pipette solution 

is connected to the internal site of the cell in the whole-cell configuration, the inside of the cell 

is completely buffered with the pipette solution. Consequently, large pH shifts or change of 

calcium concentrations upon perfusion with hypotonic solution are not expected. Additionally, 

our findings using hypotonic solution were confirmed by the inflation of cells using the patch 

pipette.  

Mechanical probing of our podocytes resulted in characteristic inward rectifying cation currents 

regardless of the mechanical stimulation used (Forst et al., 2015). These mechanically-evoked 

currents were not mediated by TRPC6 channels, since mechanically-evoked cation 

conductance persisted in podocytes isolated from TRPC6-deficient and TRPC1/C3/C6-

deficient mice. The participation of any TRPC channel was ruled out by using the non-selective 

TRPC channel blocker SKF-96365. Control and TRPC1/C3/C6-deficient podocytes exhibited 

normal cation conductance upon mechanical activation that clearly ruled out the involvement 

of TRPC6 channel in mechanotransduction. 

Even heterologous expression of TRPC5 (data not shown) or TRPC6 in HEK293 cells in 

combination with podocin and other slit membrane proteins mimicking the mechanosensitive 

ion channel complex found in podocytes failed to be activated by membrane stretch (Forst et 

al., 2015). These results do not support the hypothesis that any TRPC channel is either a 

mechanosensitive or a mechanostransducing element in podocytes. This is in contrast to 

observations made by the research group of Dryer (2013), who used conditionally immortalized 

murine podocytes and primary podocytes attached to glomerular capillaries in ex vivo 

glomerular explants that were mechanically probed with either a hypotonic solution or a second 

patch pipette that gently touched the cell (Anderson et al., 2013). Similar to our findings, the 

research group led by Dryer reported that their podocytes responded to mechanical stimulation 

with increased current amplitudes. However, the currents were outward rectifying as against 

our study in which only inward rectifying cation currents were observed. The stretch activation 

was blocked by reduction of TRPC6 proteins using siRNA, and in the presence of SKF-96365, 

while it persisted in the presence of PLC and PLA2 inhibitors. Additionally, the present authors 

used the peptide GsMTx4 to block mechanosensitive channels receiving the force from the 

plasma membrane. The authors conclude from their results that TRPC6 senses the 

mechanical stimuli and is activated by force transmission transmitted to the channel through 

the plasma membrane. Additionally, knock-down of podocin markedly increased stretch-

evoked activation of TRPC6 while activation of TRPC6 channels using the membrane-

permeable DAG analogue OAG was nearly abolished. These results led the authors to 

conclude that podocin acts as a switch to determine the preferred mode of TRPC6 activation: 
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At the slit membrane, podocin interacts with TRPC6 and renders the channel 

mechanosensitive while the cell body contains no podocin, thereby leaving TRPC6 susceptible 

to DAG.  

The results from Anderson et al. (2013) differ strongly from our own observations (Forst et al., 

2015), but can be explained by several methodical differences between our respective studies: 

First, Anderson and coworkers (2013) used a hypotonic solution that was made by diluting the 

normal bath solution with 30% water. The resulting hypotonic solution contains fewer ions 

compared to the undiluted bath solution, which might already be sufficient to activate ion 

channels that are normally inhibited by the ion concentration present in the normal bath 

solution. Additionally, as a result of the altered ion concentrations, the equilibrium potentials 

between the iso- and hypotonic bath solutions are different, which will likely result in shifted 

reversal potentials upon stimulation with hypotonic solution (see Supplementary Table 3 for 

comparison). Indeed, the observed reversal potentials in the study by Anderson and coworkers 

(2013) shift from approximately Erev (iso) = -56.0 mV in isotonic solution to more positive 

potentials (Erev (hypo) = -33.4 mV) in hypotonic solutions (see Figure 21). If one calculates a 

hypothetical mixed potential of the monovalent cations cesium and sodium, under the 

presumption that both ions have a similar permeability, the monovalent cations’ potential in the 

study from Anderson et al. (2013) would be Erev Cs+Na (iso) = -11,2 mV in isotonic bath solution 

and Erev Cs+Na (hypo) = -29,4 mV in hypotonic bath solution. The highly negative reversal potential 

observed in the isotonic bath solution in the study by Anderson et al. (2013) does not match 

the hypothetical mixed potential, thereby suggesting that the cell is permeable to other ions 

besides sodium and cesium. Since the observed reversal potential is more negative than sole 

cation conductance would suggest, it is likely that chloride conductance was measured as well. 

This would also explain why the reversal potential shifts to more positive potentials in the 

hypotonic solution. Additionally, activation of chloride-permeable channels upon stimulation 

with hypotonic solution is consistent with many previous studies reporting that hypotonic 

solution activates the chloride channel VRAC that is present in every cell (for review see Nilius 

et al., 2000). Indeed, the outwardly rectifying currents observed by Anderson et al. (2013) are 

strikingly similar to VRAC-mediated currents, which were also observed in our own podocytes 

(compare graphs in Figure 21). Due to the high VRAC activity in podocytes, chloride channel 

blockers were added to all our bath solutions in order to ensure that only cation conductance 

was measured. Indeed, the reversal potentials observed in our own study were always around 

0 mV which is consistent with a hypothetical monovalent cations potential Erev, Cs+Na = -3.4 mV 

under the assumption that the cesium potential is -65 mV. Finally, in contrast to the study by 

Anderson et al. (2013) that reduced TRPC6 levels by using siRNA, our study used podocytes 

isolated from TRPC-deficient mice. Transfection of cells with siRNA has the general 

disadvantage of the possibility of adversely regulating other offsite targets. Consequently, 
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stretch-induced currents might be absent although they might not be mediated by TRPC6. 

Furthermore, our own findings do not promote the notion that TRPC channels are subsequently 

activated by mechanically activated Gq/11PCRs, since blockage of Gq/11-protein activation by 

inhibitor YM-254890 had no effect on stretch activation. Additionally, the non-selective P2Y 

blocker suramin was used. The presence of suramin also had no effect on mechanically-

induced currents, thereby confirming that Gq/11PCRs of the P2Y family are not 

mechanotransducers. Rather, it was shown that mechanically induced cation currents were 

mediated by purinergic P2X channels (Forst et al, 2015). 

 

 
Figure 21: Comparison of hypotonically-induced currents in murine podocytes. Left: Current-

voltage relationship of conditionally immortalized mouse podocytes patched in the whole-cell 

configuration stimulated with hypotonic solution that was diluted with water to 70% of the original bath 

solution (100%) in absence of chloride channel blockers. Hypotonic solution induces a current that is 

strikingly similar to VRAC-mediated currents. Reversal potentials are approximately Erev = -56.0 mV 

before and Erev = -33.4 mV after application of hypotonic solution. Image modified from Anderson et al., 

2013. For a better comparison of the currents, the grid lines x=0 and y=0 were added. Right: Current-

voltage relationship and mean currents at -100 mV and +100 mV over time (inlet) of primary isolated 

mouse podocytes measured in the whole cell configuration in the absence of chloride channel blockers. 

Forst et al. (2015) used an isotonic bath solution (iso) that was supplemented with mannitol to 

300 mOsmol•kg-1. Hypotonic solution contained no mannitol and had an osmolarity of 240 mOsmol•kg-

1. Currents seen under hypotonic solution (hypo) were clearly mediated by chloride channels since the 

chloride channel blocker tamoxifen could block the observed currents (tamoxifen). Reversal potentials 

for currents before (iso), during hypotonic solution (hypo) and in the presence of tamoxifen are always 

Erev = 0.0 mV. 

 

P2X channels form a family of non-selective cation channels with seven family members (P2X1 

to P2X7) that open in response to extracellular ATP. The N- and C-termini of purinergic channel 

face the inside of the cell and three channel subunits are needed to form a functional ion 

channel. P2X channels are distinct from the P2Y family which are purinergic GPCRs, and are 
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widely expressed in a variety of tissues. The activation of purinergic receptors results in 

increased intracellular calcium levels, thereby regulating diverse cellular functions (for review 

see North, 2002). Purinergic channels can be pharmacologically discriminated by their 

sensitivity to ATP and its derivatives, their desensitization kinetics in the presence of ATP, and 

several purinergic channels blockers such as suramin, TNP-ATP or the specific P2X4 channel 

blocker 5-BDBD. By using quantitative RT-PCR, it was confirmed that podocytes do express 

all purinergic channels (Forst et al., 2015). Remarkably high levels were found for P2X2 and 

P2X4. P2X2 and P2X4 are unique among the purinergic channels because of their slow 

desensitization kinetic in the presence of ATP (see Table 3 for a summary of several P2X 

characteristics).  

 

Channel 
ATP EC50 

in µM 

Desensitization 
kinetic using 
100 µM ATP 

Suramin 
IC50 in 

µM 

TNP-
ATP IC50 

in µM 

5-BDBD 
IC50 in µM 

Ivermectin 
EC50 in µM 

Binding 
partners 

Expressio
n profile in 
podocytes 

P2X1 1 Fast: <100 ms 1 0.006 na na P2X1, 

P2X2, 

P2X3, 

P2X5, 

P2X6 

Low 

P2X2 10 Slow: >5 s 10 10 na na P2X1, 

P2X2, 

P2X3, 

P2X5, 

P2X6 

High 

P2X3 1 Fast: <100 ms 3 0.001 na na P2X1, 

P2X2, 

P2X3, 

P2X4, 

P2X5, 

P2X6, 

Moderate 

P2X4 10 Slow: 5-10 s >300 15 0.5 0.25 P2X4, 

P2X5, 

P2X6, 

P2X7(?) 

High 

P2X5 10 Slow, but 
current 

amplitude is 
very low 
(~50 pA) 

4 na na na P2X1, 

P2X2, 

P2X5, 

P2X6,  

Moderate 

P2X6 Not 
expressed 
at plasma 
membrane 

na na na na na P2X1, 

P2X2, 

P2X4, 

P2X5 

Moderate 

P2X7 100  ~500 >30 na na P2X4 (?), 

P2X7 
Moderate 

Table 3: Overview of the several P2X properties including response to ATP and desensitization kinetics 

and sensitivity to several inhibitors. Question mark indicates binding partners that were only found in 

heterologous expression systems. Abbreviations: na = not applicable, because values are not available. 

Sources: (Balazs et al., 2013; Forst, 2015; North, 2002; North and Surprenant, 2000; Priel and 

Silberberg, 2004)  
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The expression of purinergic channels on protein level was confirmed by the stimulation of 

podocytes with ATP. Perfusion of cells with 100 µM ATP maximally activated large inward 

rectifying currents with a slow desensitization kinetic lasting approximately 40 seconds, 

suggesting activation of the slowly inactivating P2X2 and P2X4 channels. The slow 

desensitization kinetic seen under ATP perfusion confirms that mainly P2X2 or P2X4 are 

expressed in these cells, since the other P2X channels have a faster inactivation kinetic (P2X1, 

P2X3, P2X5) or do not desensitize in the presence of ATP (P2X7).  

Interestingly, the currents observed under ATP stimulation were remarkably similar to the 

currents observed under membrane stretch, thereby insinuating that the same channels are 

activated under ATP stimulation and membrane stretch (Forst et al., 2015). With the use of 

several P2X channel blockers, it could be shown that membrane stretch mainly activates P2X4 

channels in podocytes. This conclusion was based on the following observations: First, 

blockage of stretch evoked currents was not reduced in the presence of 50 µM suramin. This 

concentration is, however, sufficient to block all purinergic channels except P2X4 and P2X7. 

Second, blockage of P2X channels by using 75 µM TNP-ATP reduced mechanical currents. 

This concentration inhibits all P2X channels except P2X7, suggesting that P2X4 is the main 

mediator of the mechanically induced currents. Third, specific blockage of P2X4 using 5-BDBD 

significantly reduced mechanically-induced currents while the specific P2X4 potentiator 

ivermectin resulted in increased mechanical response. Last, P2X4-deficient podocytes were 

clearly impaired in their response to membrane stretch. These results clearly support the 

importance of P2X4 channels as mechanotransducing elements in podocytes. However, it 

should be kept in mind that the mechanical response was never completely gone although 5-

BDBD and TNP-ATP did reduce the currents to 35% and 25% respectively. This can be 

explained by the formation of heteromeric P2X4/P2X2 or P2X4/P2X7 channels that are not 

inhibited by either 5-BDBD or TNP-ATP.  

The researcher group led by Dryer support the finding that podocytes respond to extracellular 

ATP (Roshanravan and Dryer, 2014). However, in contrast to our findings, Roshanravan and 

Dryer (2014) suggested that podocytes respond to extracellular ATP with activation of P2Y 

receptors that in turn activate TRPC6 channels Similar to Dryer’s previous study (2013), 

Roshanravan and Dryer (2014) used conditionally immortalized murine podocytes and primary 

podocytes still attached to the glomerulus that were probed with extracellular ATP. Perfusion 

with 10 µM ATP evoked a robust current that was inhibited by 100 µM suramin. Additionally, 

the present authors observed that ATP-induced currents were gone when TRPC6 levels were 

reduced by using siRNA and by treating podocytes with SKF-96365 or the TRPC1/3/6 channel 

blocker lanthanum chloride. Furthermore, the ATP effect was reduced when the G-protein 

signaling was disrupted by GDP-β-S or incubation of cells with the PLC/PLA2 inhibitor D-609. 

These results led the authors to conclude that ATP activates the Gq/11 protein-coupled P2Y 
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receptors that signal to TRPC6 in a G protein-dependent way. Surprisingly, ATP-evoked 

currents were also suppressed when podocin was absent. These observations are in striking 

contrast to the findings of our own study. An effect of suramin or the G protein blocker YM-

254890 on mechanically induced currents was never observed. Additionally, the presence of 

GDP-β-S in pipette solution did not block G protein signaling although an altered inward 

rectification upon mechanical activation was seen (data not shown). Furthermore, no altered 

ATP-evoked currents were observed in podocytes with reduced podocin levels. Again, the 

discrepancies in our studies and the study by Roshanravan and Dryer (2014) can be explained 

by the lack of chloride channel blockers in their study. The presented current-voltage 

relationships in this study are consistent with leak currents or the activation of the outwardly 

rectifying chloride channels. Additionally, it was shown some time ago that extracellular ATP 

can induce chloride channel currents through activation of P2Y receptors (Darby et al., 2003; 

Zhang and Jacob, 1994). Therefore, it is difficult to differentiate between ATP-induced currents 

in the absence of chloride channel blockers. Activation of chloride channels through P2Y is an 

alternative hypothesis of why currents in the study by Roshanravan and Dryer (2014) were 

absent in the presence of the P2Y channel blocker suramin.  

Next, it was analyzed how P2X4 channels are activated on membrane stretch. No evidence of 

direct mechanical activation of P2X4 channels in heterologous expression systems was found 

either in the absence or in the presence of several slit membrane proteins such as podocin 

and CD2AP (Forst et al., 2015). This means that the mechanosensor in podocytes remains 

elusive.  

Instead, the activation of purinergic channels was dependent on vesicle-mediated ATP release 

(Forst et al., 2015). This conclusion was based on the findings following the use of the ATP-

converting enzyme apyrase, which suppressed mechanically-induced cation conductance and 

by a fluorescence approach that monitored ATP concentrations in the bath solution upon 

mechanical stimulation. In this manner, an ATP concentration of >400 nM was measured upon 

application of hypotonic solution. This concentration might seem very low in comparison to the 

high EC50 values of purinergic channels for ATP which are in the micromolar range. However, 

locally released ATP concentration might be higher than the 400 nM measured with a global 

fluorescent approach. Since the blockage of SNARE complexes via N-ethylmaleimide did 

abrogate the mechanically-induced cation current, we suggest that podocytes release ATP 

upon membrane stretch through the fusion of ATP-loaded vesicles with the plasma membrane. 

These findings are in line with previous studies showing that ATP can be released from cells 

upon mechanical stimulation, thereby activating purinergic channels (Darby et al., 2003; 

Homolya et al., 2000; Jensen et al., 2007). For example, it was shown that fluid flow mediated 

the activation of P2X4 in endothelial cells and oocytes (Kessler et al., 2011; Yamamoto et al., 

2000).  
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Since P2X4 and exocytosis are clearly influenced by cholesterol (Li and Fountain, 2012), the 

importance of the plasma membrane fluidity on the stretch-evoked ATP release was 

investigated. Cholesterol strongly determines the characteristics of the lipid bilayer and 

removal of cholesterol results in strongly altered fluidity of the plasma membrane. Acute 

cholesterol depletion using methyl-β-cyclodextrin had an interesting effect on podocytes: 

Instead of the prominent inward currents, strong outward conductance was observed, clearly 

indicating the importance of cholesterol on the P2X4-mediated mechanotransduction response 

(Forst et al., 2015). Long-term removal of cholesterol using fluvastatin—an inhibitor of the 

hydroxymethylglutaryl-coenzyme A reductase, thereby effectively inhibiting the rate-limiting 

step in cholesterol biosynthesis—completely blocked the mechanically-induced currents, 

confirming the importance of cholesterol in the transduction of mechanical stimuli.  

Since cholesterol binds to podocin in podocytes (Huber et al., 2006), the podocin-dependence 

of the mechanoresponse was investigated. By using podocin knock-down podocytes, it was 

shown that the stretch-induced cation currents were completely suppressed. However, these 

observations do not explain if an unidentified mechanosensor, other endogenous proteins or 

the mechanically induced vesicle fusion event were dependent on cholesterol. 

The release mechanism was investigated in greater detail by altering the cytoskeleton of the 

podocytes (Forst et al., 2015). Disruption of actin fibers by cytochalasin D had no effect on the 

purinergic-mediated mechanotransduction. Additionally, the actin polymerizing agent 

jasplakinolide was used. Cell swelling-induced effects could be modulated by jasplakinolide in 

a concentration-dependent manner: High (e.g. 200 nM) concentration caused a complete 

collapse of the podocyte architecture after several minutes and resulted in higher basal and 

stretch-evoked currents, while low concentrations (e.g. 8 nM) strengthened the actin 

cytoskeleton and abolished the stretch-evoked currents. These results are surprising since the 

IC50 of jasplakinolide for actin binding is approximately 35 nM (Bubb et al., 2000). Therefore, 

200 nM jasplakinolide should lead to actin polymerization and not the collapse of the actin 

architecture. However, similar observations of concentration-dependent disruption of the actin 

cytoskeleton by jasplakinolide were also observed by different researchers in neuronal cells 

and tobacco BY-2 cells (Bernstein and Bamburg, 2003; Ou et al., 2002). It can be concluded 

from our results that the mechanical response of podocytes is adversely regulated by the actin 

cytoskeleton: Strengthening of the actin cytoskeleton inhibits the mechanotransduction 

process, while disruption of the actin cytoskeleton reinforces the effects of membrane stretch.  

Besides the actin cytoskeleton, the impact of microtubules on stretch activation was analyzed 

by using the microtubule disruptor thiocolchicine. Preincubation of podocytes with 

thiocolchicine had no effect on stretch-evoked currents, thereby suggesting that the ATP 

release was independent of the microtubules.  
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Podocytes clearly depend on their actin cytoskeleton in order to maintain proper filtration 

function (reviewed in Greka and Mundel, 2012). An increase in intracellular calcium was shown 

to activate calmodulin, which in turn activates the phosphatase calcineurin. Calcineurin 

dephosphorylates the actin-orchestrating protein synaptopodin as well as the transcription 

factor nuclear factor of activated T-cells (NFAT). Phosphorylated synaptopodin is bound by the 

regulatory protein 14-3-3 and was shown to regulate the two small GTPase of the Rho family 

RhoA and Cdc42. RhoA is positively regulated by synaptopodin and activation of RhoA 

promotes the formation of the contractile actin stress fibers in the cell body and rear by 

competitively blocking the Smurf1-mediated ubiquitination of RhoA, thereby preventing the 

targeting of RhoA for proteasomal degradation. On the other hand, Cdc42 is negatively 

regulated by synaptopodin by suppressing cell motility through the formation of lamellipodia. 

Dephosphorylation of synaptopodin by activated calcineurin results in the loss of 14-3-3 

binding, that makes the protein accessible for cathepsin L mediated degradation. As a result, 

the stress fiber-inducing RhoA pathway is attenuated while the lamellipodia-inducing Cdc42 

pathway is strengthened. Additionally, activated calcineurin dephosphorylates NFAT resulted 

in the translocation of NFAT to the nucleus where it was shown to induce the expression of 

several TRPC channels including TRPC3, TRPC4 and TRPC6. The podocytes now adapted 

a motile phenotype typically associated with retraction of foot processes and development of 

proteinuria.  

While the rise of intracellular calcium was usually shown to be the result of angiotensin II- or 

bradykinin-induced activation of TRPC5 or TRPC6 ultimately reorganizing the actin 

cytoskeleton, Endlich et al. (2001) showed that exposing podocytes to fluid shear stress also 

resulted in calcium-dependent reorganization of actin fibers. Interestingly, shear stress 

promoted actin fiber organization in the so-called actin-rich centers (ARCs), which have a radial 

instead of a parallel orientation. Since a rise in intracellular calcium concentration upon 

mechanical stimulation was also observed in our study, we wondered whether the radial actin 

phenotype was mediated by P2X4 channels and if the blockage of P2X4 channels was beneficial 

for actin cytoskeleton organization (Forst et al., 2015). As expected, stretching of cells resulted 

in reorganization of the actin cytoskeleton into ARCs. However, this phenotype could partially 

be rescued by application of the P2X4 blocker 5-BDBD, which highlighted the importance of 

P2X4 activation in the pathophysiology of podocytes. To rule out the involvement of TRPC 

channels in mechanically induced actin reorganization, podocytes were stretched in the 

presence of SKF-96365. No difference was observed in stretch-evoked reorganization of the 

actin cytoskeleton into ARCs in the presence of SKF-96365, thereby refuting a short-term 

involvement of TRPC channels in the transduction of mechanical stretch.  
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In line with our own findings and relevant literature, we propose the following mechanism for 

mechanical activation of podocytes and the subsequent reorganization of the actin 

cytoskeleton (see Figure 22): 

1. Podocytes perceive mechanical stimuli by a yet unidentified sensor that is independent 

of the cytoskeleton.  

2. Podocytes release ATP by SNARE-mediated and cholesterol-dependent vesicle 

fusion.  

3. Extracellular ATP subsequently activates the mechanotransducing P2X4 channel and 

other purinergic channels that result in increased intracellular calcium concentrations. 

4. Rise in intracellular calcium activates calmodulin, which in turn activates the 

phosphatase calcineurin. Calcineurin dephosphorylates the actin-fibers regulating 

protein synaptopodin which in turns loses its binding partner 14-3-3. The loss of 14-3-

3 binding to synaptopodin now makes synaptopodin accessible to cathepsin L-

mediated proteolysis.  

5. The degradated synaptopodin is unable to orchestrate the F-actin fibers via the small 

GTPase RhoA leading to the loss of parallel actin fibers. Additionally, synaptopodin-

dependent inhibition of the small GTPase Cdc32 is absent, which results in the 

formation of lamellipodia. Usually, this podocyte phenotype is consistent with the loss 

of podocyte foot processes and proteinuria. 

 

The significance of the cholesterol/podocin complex in this system is noteworthy. Both 

cholesterol and podocin depletion abolished the cation currents seen under membrane stretch. 

However, this study provides no explanation for whether the podocin/cholesterol complex is 

essential for the activity of the mechanosensor and if it modulates the SNARE-mediated vesicle 

fusion or influences the activity of purinergic channels or other plasma membrane-resident 

proteins. Since the stretch-evoked currents during acute cholesterol depletion using methyl-β-

cyclodextrin are not absent but are largely modified, it seems more likely that cholesterol does 

not modify the activity of the mechanosensor but regulates the activity of the exocytose events, 

thereby regulating activation.  

Altogether, a novel role of P2X4 as mechanotransduction elements in podocytes was shown in 

Forst et al., 2015. The mechanical stimulus is sensed by a yet unidentified structure but is 

mediated to the SNARE complex that initiates vesicle fusion of ATP-loaded vesicles which 

results in the activation of the mechanotransducing P2X4 channel and finally in calcium-

dependent reorganization of the cytoskeleton. Since actin reorganization is normally 

accompanied by loss of podocyte function and, therefore, proteinuria, this signaling pathway 

might contribute to mechanically-induced podocyte injury and might offer novel strategies for 

nephroprotection. 
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Figure 22: Proposed model of mechanically-induced P2X4 activation and the resulting 

reorganization of the actin cytoskeleton in podocytes. Top: Non-stimulated podocytes have parallel 

organized F-actin fibers that depend on the presence of phosphorylated synaptopodin (synpo). Synpo 

is an actin-binding protein that orchestrates the assembly of F-actin fibers in a RhoA-dependent manner. 

Additionally, synpo inhibits the small GTPase Cdc42, which is known to induce formation of lamellipodia. 

Above: Upon mechanical stretching of cells, a mechanosensor of unknown identity and localization is 

activated (1). Gq/11 protein-coupled receptors (Gq/11PCRs) and classical transient receptor potential 
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channels (TRPCs) do not appear to be involved in this process, although mechanical activation of 

Gq/11PCRs has been previously reported (Mederos y Schnitzler et al., 2008). Activation of the 

mechanosensor results in the fusion of ATP-loaded vesicles with the plasma membrane in a cholesterol- 

and SNARE-dependent way (2 Extracellular ATP subsequently activates P2X4 in podocytes thereby 

leading to an increase in intracellular calcium (3). Calcium activates calmodulin (CaM), which in turn 

activates the phosphatase calcineurin. Activated calcineurin dephosphorylates synpo that results in the 

loss of binding to the regulatory protein 14-3-3. This makes the dephosphorylated synpo accessible for 

degradation by the protease cathepsin L (CatL), leading to the reorganization of the cytoskeleton (4).  
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V Summary  

The identification of mammalian mechanosensitive proteins is technically challenging and has 

led to false-positive results. Therefore, the aim of this thesis was the biophysical 

characterization of cation channels and an analysis of their role in mechanotransduction.  

The analysis of heterologously expressed human classical transient receptor potential 

channels (TRPCs) revealed that TRPC1 subunits can only be inserted into the plasma 

membrane in TRPC3, -4, -5, -6 and -7-containing heterotetramers. Consequently, 

homotetrameric TRPC1 channels cannot function as mechanosensors. A more detailed 

analysis of TRPC1-containing heterotetramers revealed that all heterotetramers had effectively 

reduced calcium permeabilities. These findings were confirmed in murine gonadotropin-

releasing hormone neuronal cells where the presence of endogenous TRPC1 reduced calcium 

permeation properties of the cells and, therefore, significantly impaired the migration of the 

cells. Altogether, a novel function of the TRPC1 proteins being negative regulator of calcium 

permeabilities and migration was revealed.  

Additionally, the activation mechanism of the non-diacylglycerol (DAG)-sensitive family 

members TRPC4 and -5, which were activated upon receptor stimulation in a phospholipase 

C (PLC)-dependent manner, was elucidated. It was demonstrated, that TRPC4 and -5 

channels were directly stimulated by DAG just like TRPC3, -6, and -7 channels. However, in 

contrast to TRPC3, -6 and -7 channels, this activation was dependent on the phosphokinase 

C (PKC)-induced phosphorylation of a C-terminal threonine in the Na+/H+ exchanger regulatory 

factor (NHERF) binding motif. Phosphorylation of the C-terminal threonine at the position 972 

by PKC resulted in binding of the adaptor proteins NHERF1 and -2 to the C-terminal end of 

TRPC4 and -5, thereby rendering the channels insensitive to stimulation by DAG. Dislocation 

of the NHERF-proteins from the C-terminus of TRPC4 and -5 resulted in DAG-sensitivity of the 

channels. NHERF dislocation could be achieved by dephosphorylation of the threonine 972, 

phosphatidylinositol (3,4)-bisphosphate (PIP2) depletion or activation of Gq/11PCRs. Receptor 

activation led to PLC-induced conversion of PIP2 to inositol 1,4,5-trisphosphate and DAG, and 

likely evoked a conformational change in the C-terminus of TRPC4 and -5 that resulted in 

NHERF dislocation and direct DAG sensitivity of the channels. Mechanical activation of TRPC4 

and -5 channels was not observed. On the basis of these findings, a general DAG-sensitivity 

for all TRPC can be proposed.  

Previous studies have suggested that in myogenic resistance arteries the activation of TRPC 

channels is subsequent to mechanical activation of Gq/11PCRs Selective inhibition of the highly 

expressed endothelin A, adrenergic α1A, α1B and α1D, and angiotensin II type 1 receptors 

(AT1Rs) revealed that Gq/11PCRs regulated myogenic tone over a wide physiologically-relevant 

pressure range. A more detailed analysis of AT1Rs confirmed that AT1Rs are mechanically-
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activated in an agonist-independent manner. Additionally, the higher-expressed murine AT1B 

isoform was more mechanosensitive in comparison to the AT1A isoform, which proved to be 

independent of the receptor density. This means that the higher mechanosensitivity of AT1BRs 

is an inherent property of AT1BRs in mice. In summary, it was demonstrated that mechanically-

activated Gq/11PCRs, but not TRPC channels, contributed up to 50% of myogenic 

vasoconstriction without the involvement of mechanotransducing TRPC channels.  

On the other hand, the mechanoresponsiveness of podocytes proved to be 

independent of Gq/11PCR or TRPC activation. In cultered murine podocytes, mechanical 

stimulation of the cells led to vesicle-mediated release of ATP to the extracellular space. ATP 

subsequently activated purinergic P2X4 channels in the plasma membrane. Therefore, P2X4 

channels have to be rather considered as mechanotransducers and not mechanosensors. The 

mechanically induced P2X4 channel activation led to a reorganization of the actin cytoskeleton, 

which is regarded as a sign for podocyte damage. This damage could partially be prevented 

by pharmacological blockage of P2X4 channels. These findings reveal that P2X4 channels, but 

not TRPC channels, are mechanotransducing elements in podocytes that contribute to stretch-

induced podocyte damage. This signaling pathway opens up novel strategies for 

nephroprotection in conditions such as hypertension. 

To sum up, the results of this thesis do not support the notion that TRPC channels are 

inherently mechanosensitive. Instead, TRPC channels function as mechanotransducers in 

vascular smooth muscle cells, where the mechanical stimulus is perceived by Gq/11PCRs like 

the AT1 receptors. In podocytes, P2X4 channels were identified as mechanotransducing 

elements. However, the mechanosensors in podocytes still remain to be identified.  
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VI Zusammenfassung 

Die Identifizierung von mechanosensitiven Kationenkanälen in Säugetierzellen ist technisch 

anspruchsvoll und hat deshalb vielfach zu falsch positiven Ergebnissen geführt. Zielsetzung 

dieser Arbeit war daher die Charakterisierung von Säugetier-Kationenkanälen und deren 

Bedeutung für die Mechanotransduktion.  

Die Analyse von heterolog exprimierten classical transient receptor potential (TRPC)-Kanälen 

zeigte, dass humane TRPC1 Kanaluntereinheiten erst in die Zellmembran eingebaut werden, 

wenn sie mit TRPC3-, -4-, -5-, -6-, oder -7-Kanaluntereinheiten Heterotetramere ausbilden. 

Somit können homomere TRPC1-Kanäle auch keine Mechanosensoren bilden. Eine 

biophysikalische Analyse von TRPC1-beinhaltenden heterotetrameren TRPC-Kanälen zeigte 

eine stets verminderte Kalziumpermeabilität dieser Kanäle. Auch in murinen Gonadotropin-

Hormon sezernierenden Neuronen führte die endogene Präsenz von TRPC1 zu einer 

verminderten Kalziumdurchlässigkeit und damit zu einer signifikant reduzierten Migration 

dieser Zellen. Damit sind zwei neue Funktionen von TRPC1 charakterisiert worden. 

Zudem wurde der Signalweg zur Aktivierung der Diacylglycerol (DAG)-insensitiven Mitglieder 

der TRPC-Kanalfamilie TRPC4- und -5 im Anschluss an eine Rezeptorstimulation untersucht. 

Es stellte sich heraus, dass TRPC4- und -5-Kanäle ebenso wie TRPC3-, -6- und -7-Kanäle 

direkt durch das PLC-Produkt DAG aktiviert werden können, jedoch im Gegensatz zu den 

TRPC3-, -6- und -7-Kanälen nur in Abhängigkeit von einer Proteinkinase C-vermittelten 

Phosphorylierung eines C-terminalen Threonins im Na+/H+ exchanger regulatory factor 

(NHERF) Bindemotiv. Die Phosphorylierung des Threonins an der Stelle 972 führte zur 

Bindung der Adaptorproteine NHERF1 und -2 an den C-Terminus von TRPC4 und -5, wodurch 

die DAG-Aktivierbarkeit der Kanäle verhindert wurde. Die Ablösung der NHERF-Proteine vom 

C-Terminus der Kanäle bewirkte stets eine DAG-Aktivierbarkeit. Diese Verlagerung der 

NHERF-Proteine konnte sowohl durch Dephosphorylierung des Threonins als auch durch 

Phosphatidylinositol-4,5-bisphosphat (PIP2)-Depletion sowie durch Aktivierung von Gq/11-

Protein-gekoppelten Rezeptoren herbeigeführt werden. Im Falle der Rezeptoraktivierung 

führte die PLC-vermittelte Umsetzung von PIP2 zu Inositol-1,4,5-trisphosphat und DAG 

vermutlich zu einer Konformationsänderung des C-terminalen Endes von TRPC5, wodurch 

NHERF-Proteine abgelöst wurden, so dass TRPC4- und -5-Kanäle direkt durch DAG aktiviert 

werden konnten. Eine direkte mechanisch-induzierte Aktivierung von TRPC4- oder -5 konnte 

nicht beobachtet werden. Auf Grund dieser Ergebnisse kann man abschließend postulieren, 

dass alle Mitglieder der TRPC-Familie direkt DAG aktivierbar sind.  

Frühere Untersuchungen haben gezeigt, dass in myogenen Widerstandsgefäßen TRPC-

Kanäle über eine Signalkaskade durch mechanisch stimulierte Gq/11-Protein-gekoppelte 

Rezeptoren aktiviert werden. Durch selektive pharmakologische Blockade der hoch 
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exprimierten Endothelin A-, der adrenergen α1A-, α1B- und α1D-, sowie der Angiotensin II Typ 1 

(AT1)-Rezeptoren konnte nachweisen werden, dass der myogene Gefäßtonus über den 

gesamten physiologischen Druckbereich von Gq/11-Protein-gekoppelten Rezeptoren reguliert 

wird. Eine genauere Untersuchung der AT1-Rezeptoren zeigte, dass diese Agonisten-

unabhängig direkt durch mechanische Stimulation aktiviert wurden. Zudem war die höher 

exprimierte murine AT1B-Rezeptorisoform unabhängig von der Rezeptordichte 

mechanosensitiver als die AT1A-Rezeptorisoform. Insgesamt waren Gq/11-gekoppelte-

Rezeptoren und nicht TRPC-Kanäle als direkte Mechanosensoren für etwa 50% des 

myogenen Gefäßtonus verantwortlich.  

In kultivierten Podozyten der Maus hingegen war die mechanische Reizvermittlung 

unabhängig von Gq/11-Protein-gekoppelten Rezeptoren sowie von TRPC-Kanälen. Hier führte 

die mechanische Stimulation zur Vesikel-vermittelten Freisetzung von ATP in den 

extrazellulären Raum. Das ATP wiederum aktivierte purinerge P2X4-Kanäle in der Podozyten-

Zellmembran, was zu einem Kalziumeinstrom in die Zelle führte. Somit wurden P2X4-Kanäle 

als Mechanotransduktoren in Podozyten identifiziert. Die mechanische P2X4-Kanal-Aktivierung 

führte zu einer Reorganisation des Aktin-Zytoskeletts, was als Zeichen für eine 

Podozytenschädigung gilt. Diese Schädigung konnte durch eine pharmakologische Blockade 

des P2X4 Kanales zumindest teilweise verhindert werden. Zusammenfassend konnte ein neuer 

Signalweg beschrieben werden, bei dem P2X4- und nicht TRPC-Kanäle eine Schlüsselrolle für 

die mechanische Aktivierung von Podozyten spielen. P2X4-Kanäle könnten demnach als neue 

Zielstrukturen für Pharmaka zur Prävention von Podozytenschädigungen bei Krankheiten wie 

zum Beispiel der hypertensiven Nephropathie dienen. 

Zusammengefasst zeigen die Ergebnisse dieser Arbeit, dass TRPC-Kanäle nicht inhärent 

mechanosensitiv sind, sondern als Mechanotransduktoren fungieren können. Im vaskulären 

System konnten Gq/11-gekoppelte-Rezeptoren wie die AT1-Rezeptoren als direkte 

Mechanosensoren identifiziert werden. In Podozyten erwiesen sich P2X4 Kanäle als 

Mechanotransduktoren. Die Mechanosensoren in Podozyten sind jedoch noch unbekannt. 
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VII Supplements 
Supplementary Table 1: Overview of putative mechanosensitive channels. The candidates and the form of the applied mechanical 
stimulation, the expression system, the physiological function and the proposed mechanical gating mechanism are depicted. The mechanism of 
mechanical activation is colorcoded in the following way: green color refers to candidates that have convincingly shown to be directly activated by 
mechanical force, blue color indicates experiments that likely point to a directly mechanogating property of the candidate, but confirming evidence 
is lacking, red color depicts candidates that have been demonstrated to be indirectly activated by mechanical force. Abbreviations: A7r5 = aorta 
7 rat 7 smooth muscle cell; AA = arachidonic acid; AS = bulge-inducing amphiphatic substance; ASIC = acid sensing ion channel; COS – CV-1 
originated with SV40; Deg/ENaC = Degenerin/Epithelial channel Na+ channel; DRG = dorsal root ganglion; FSS = fluid shear stress; HeLa= 
Henrietta Lacks cervical cancer cell; hES = human embryonic stem cells; hiPS = human inducible pluripotent stem cells; HTC116 = human colon 
cancer cell; HTS = Hypotonicity; HUVEC = human umbilical vein endothelial cell; K2P = K+ two pore channel; LRRC8 = leucine-rich repeat–
containing 8; LTMR = low threshold mechanoreceptors; MEC = mechanosensitive abnormalites; MscL = mechanosensitive channel large 
conductance; MscS = mechanosensitive channel small conductance; NompC = no mechanoreceptor potential channel; NS = not specified; OLVT 
= organum vasculosum laminae terminalis; P2X = purinergic channels; SON = supraoptic nucleus; TMC = transmembrane-channel like protein; 
TRAAK = TWIK-related arachidonic acid-stimulated potassium channel; TREK = TWIK-Related potassium channel 1; TRP = transient receptor 
potential; TRPA = ankyrin TRP; TRPC = canonical TRP; TRPM = melastanin TRP; TRPML = mucolipin TRP; TRPN = NompC-like TRP; TRPV = 
vanilloid TRP; TRPY = yeast TRP; VRAC = volume regulated anion channel. 
 

Candidate 
Mechanical 
stimulation 

Expression system 
Proposed 
physiological 
relevance 

Proposed 
mechanism of 
mechanical 
activation 

Reference 

Anion channels      
VRAC HTS Endogenously expressed in all 

animal cells.  
Osmoregulation Direct For review (Nilius and 

Droogmans, 2003; 
Nilius et al., 2000) 

LRRC8A  HTS Knock-down of LRRC8A in 
various mammalian cell 
systems endogenously 
expressing VRAC. 
Heterologous expression of 
LRRC8A in HEK293 and HeLa  

Osmoregulation Direct? 
 

(Qiu et al., 2014) 

LRRC8A/LRRC8C/LRRC8E HTS Knock-down of LRRC8 
isoforms in various cell 
systems endogenously 
expressing VRAC. 

Osmoregulation Direct? (Voss et al., 2014) 
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Heterologous expression of 
LRRC8 isoforms in HEK293 
and HTC116 

Msc’s      
MscL (bacterial) HTS, AS Endogenous expression in E. 

coli 
Osmoregulation Direct (Martinac et al., 1990) 

MscS (bacteria) HTS, AS Endogenous expression in E. 
coli 

Osmoregulation Direct (Martinac et al., 1990) 

Deg/ENaC      
MEC-4/MEC-10  
(C. elegans) 

Touch  Studies with MEC-deficient 
worms 

Sensation of gentle 
touch 

Direct, but requires 
several additional 
MEC subunits 

(Chalfie and Sulston, 
1981); (O'Hagan et al., 
2005) 

Deg/ENaC FSS Endogenous expression in 
human endothelial cells and rat 
arteries 

Sensation of fluid 
flow in endothelial 
cells 

Indirect? (Wang et al., 2009) 
 

BNC1α Touch Neurons isolated from BNC1-/- 
mice 

Sensation of touch Direct? (Price et al., 2000) 

ASIC Painful touch Analysis of dominant-negative 
ASIC3 mice 

Sensation of noxious 
stimuli 

Indirect (Mogil et al., 2005) 

Piezo      

Piezo1 Membrane 
indentation; 
Negative pipette 
pressure 

Endogenous expression in 
neuro2A cells;  
Heterologous expression in 
HEK293 

NS Direct (Coste et al., 2010) 
 

Piezo1 AS: GsMTx4 Heterologous expression in 
HEK293 cells 

Sensation of noxious 
stimuli 

Direct? (Bae et al., 2011) 

Piezo1 FSS Vascular analysis of Piezo1-/- 
embryos, heterologous 
expression in HEK293 

Vascular 
development and 
cardiogenesis 

Direct? (Ranade et al., 2014) 

dmPiezo (Drosophila) Noxious touch;  
negative pipette 
pressure 

Drosophila Piezo knock-down 
and reconstitution of 
droshophila Piezo in sensory 
neurons  

Sensation of noxious 
stimuli 

Direct (Kim et al., 2012) 
 

Piezo2 Membrane 
indentation, 
negative pipette 
pressure 

Endogenous expression in 
DRG;  
heterologous expression in 
HEK293 

NS Direct? (Coste et al., 2010) 
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Piezo2 Gentle touch Skin cells deficient of Piezo2; 
Merkel cells deficient of Piezo2 

Sensation of gentle 
touch, forms and 
textures 

Direct? (Woo et al., 2014) 
 

Piezo2 Displacement of 
cell layer  

Endogenous expression in 
whisker hair follicles 

Sensation of gentle 
touch, forms and 
textures 

Direct? (Ikeda et al., 2014) 

Piezo2 Membrane 
indentation  

Endogenous expression in 
LTMRs derived from hES and 
hiPS and knock-down in 
LTMRs 

Sensation of touch  Direct? (Schrenk-Siemens et 
al., 2014) 

TMC1 Deflection of 
hair cells  

Endogenous expression in 
cochlear mouse hair cells; 
TMC1-/-, TMC2-/- and M412K-
TMC1-/- cochlear mouse hair 
cells 

Hearing and balance Direct? (Pan et al., 2013) 

TMC1 (Drosophila) Touch, 
hypertonicity 

Endogenous expression in 
ASH polymodal avoidance 
neurons 

Salt sensing None (Chatzigeorgiou et al., 
2013) 

K2P      
TREK-1 Positive and 

negative pipette 
pressure, AS, 
FSS  
 
HTS, Positive 
and negative 
pipette pressure 

Heterologous expression in 
COS  
 
 
 
Heterologous exression in 
oocytes 
 

Repolarization of 
cardiomyocytes? 

Direct (Patel et al., 1998) 

TREK-1 Positive pipette 
pressure 

Reconstitution in artificial 
liposomes 

NS Direct (Berrier et al., 2013) 

TREK-1 Positive and 
negative pipette 
pressure 

Reconstitution in artificial 
liposomes 

NS Direct (Brohawn et al., 2014) 

TREK-1 Touching of 
skin, paw 
pressure 

TREK-1-/- mice Sensation of noxious 
stimuli 

Direct (Alloui et al., 2006) 

TREK-1 Increased 
intraluminal 
pressure; 

Mesenteric resistance arteries 
of TREK-1-/- mice;  
 

Vasodilation Indirect through 
GPCR-cascade 

(Garry et al., 2007) 
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local pressure-
induced 
vasodilation 

TREK-1-/- mice 

TREK-2 Positive and 
negative pipette 
pressure, ASs 

Heterologous expression in 
COS-7 

NS Direct? (Bang et al., 2000) 

TRAAK Positive and 
negative pipette 
pressure, ASs 

Heterologous expression in 
COS-7 

NS Direct? 
 

(Bang et al., 2000; 
Maingret et al., 1999a) 

TRAAK Positive and 
negative pipette 
pressure 

Reconstitution in artificial 
liposomes 

NS Direct (Brohawn et al., 2014) 

TRP channels      
TRPY1 (yeast) Hypertonicity, 

positive (?) 
pipette pressure 

TRPY1-/- vacuoles of yeast 
Saccharomyces cerevisiae 

Calcium release from 
vacuoles on osmotic 
shock 

Direct? (Zhou et al., 2003) 

TRPV homologues      
OSM-9 (C. elegans) Nose touch, 

Hypertonicity 
OSM-9-/- worms Sensation of touch, 

osmoregulation  
Direct? (Colbert et al., 1997) 

Nanchung (Drosophila) Sound; 
 
HTS 

Inactive-deficient ciliated 
sensory neurons; 
Heterologous expression in 
CHO-K1 

Hearing Indirect (Kim et al., 2003) 

Inactive (Drosophila) Sound; 
 
HTS 

Inactive-deficient ciliated 
sensory neurons;  
Heterologous expression in 
CHO-K1 

Hearing Indirect (Gong et al., 2004) 

TRPV4  HTS Heterologous expression in 
CHO  

Osmoregulation Direct? (Liedtke et al., 2000) 

TRPV4 Hypertonicity, 
Positive and 
negative pipette 
pressure 

Heterologous expression in 
HEK293 

Osmoregulation in 
kidney 

Indirect (Strotmann et al., 2000) 

TRPV4 HTS, FSS Heterologous expression in 
HEK293 cells and CKO-K1 
cells at 37°C 

Vasodilation Direct? (Gao et al., 2003) 

TRPV4 Hypertonicity Brain slices of TRPV4-/- mice regulation of serum 
osmolality 

Direct? (Mizuno et al., 2003) 
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TRPV4 HTS Heterologous expression in 
HEK293 

NS Indirect through 
activation of PLA2 

(Vriens et al., 2005) 

TRPV4 Increased 
intraluminal 
pressure;  
HTS 

Carotid arteries from TRPV4-/- 
mice; 
 
carotid artery endothelial cells 

Vasodilation Direct? (Hartmannsgruber et 
al., 2007) 

TRPV4 FSS Knock-down of TRPV4 in 
epithelial cells 

Kidney fluid flow 
sensing 

Direct? (Kottgen et al., 2008) 

TRPV1 In vivo bladder 
contractions and 
in vitro stretch-
evoked bladder 
contractions; 
HTS 

TRPV1-/- mice; 
 
 
 
 
TRPV1-/- urothelial cells 

Bladder contraction Direct? (Birder et al., 2002) 
 

TRPV1 Hypertonicity OVLT and SON neurons of 
TRPV1-/- mice 

Body fluid 
homeostasis 

Direct? (Ciura and Bourque, 
2006) (Sharif Naeini et 
al., 2006) 

TRPV2 
 

HTS Aortic myocytes, heterologous 
expression in CHO-K1 

Vasoconstriction Direct? (Muraki et al., 2003) 

TRPV2 Membrane 
stretch 

Endogenous TRPV2, TRPV2 
knock-down using shRNA and 
heterologous expression of 
dominant negative TRPV2 in 
motor neurons 

Axon elongation Direct? (Shibasaki et al., 2010) 

TRPN homologues      
NompC (Drosophila) Bristle touch and 

sound 
Mutated Drosophila larvae  Touch and hearing  Direct? (Walker et al., 2000) 

NompC (Drosophila) Sound  Ciliated sensory neurons Hearing Indirect (Lehnert et al., 2013) 
TRPN1 (Zebrafish) Sound Mutated zebrafish larvae Hearing and balance Direct? (Sidi et al., 2003) 
TRR-4 (C. elegans) Bending of nose Mutated worms  Proprioception Direct? (Li et al., 2006) 
TRPA homologues      
Painless (Drosophila) Noxious touch Painless-/- flies  Sensation of noxious 

stimuli 
Direct? (Tracey et al., 2003) 

TRPA1 (C. elegans) Nose touch;  
Patch pipette 
pressure 

TRPA1-/- worms; 
Heterologous expression in 
CHO 

foraging Direct? (Kindt et al., 2007) 
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TRPA1 AS: GsMTx4, 
TNP, 
chlorpromazine 

Heterologous expression in 
HEK293 

NS Direct? (Hill and Schaefer, 
2007) 

TRPA1 Membrane 
stretch? 

Heterologous expression in 
COS 

NS Indirect (Sharif-Naeini et al., 
2008) 

TRPA1 Sound; 
Deflection of 
hair cells 

TRPA1-/- mice; 
TRPA1-/- hair cells  

Hearing and balance Indirect (Bautista et al., 2006) 

TRPA1 Sound, paw 
pressure; 
Deflection of 
hair cells 
 

TRPA1-/- mice;  
 
TRPA1-/- hair cells 

Nociception Direct? (Kwan et al., 2006) 

TRPPs      
TRPP1 Single molecule 

force 
spectroscopy 

Recombinant TRPP1 NS Direct? (Qian et al., 2005) 

TRPP1/TRPP2 FSS Kidney epithelial cells lacking 
TRPP1; TRPP2 activity 
blocked by antibody.  

Kidney fluid flow 
sensing 

Direct activation of 
TRPP1? 

(Nauli et al., 2003) 

TRPP2/TRPV4 HTS Co-expression of TRPP2 and 
TRPV4 in oocytes 

Kidney fluid flow 
sensing 

Direct? (Kottgen et al., 2008) 

TRPP1/TRPP2 Negative pipette 
pressure; 
 
 
 
Increased 
intraluminal 
pressure 

Heterologous expression in 
several mammalian cells lines 
including COS-7, endogenous 
expression in VSMCs isolated 
from TRPP1-deficient mice; 
myogenic arteries 

Myogenic 
vasoconstriction 

Indirect (Sharif-Naeini et al., 
2009) 

TRPML      
TRPML3 Sound TRPML3 mutated mice Hearing Direct? (Di Palma et al., 2002; 

Grimm et al., 2007) 
TRPM      
TRPM3 HTS Heterologous expression in 

HEK293 
Renal calcium 
homeostasis 

Direct? (Grimm et al., 2003) 
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TRPM4 Increased 
intraluminal 
pressure 

Endogenous expression in 
cerebral arteries, knock-down 
of TRPM4 in cerebal arteries  

Myogenic 
vasoconstriction 

Direct? (Earley et al., 2004) 

TRPM4 Negative pipette 
pressure 

Heterologous expression in 
HEK293, Endogenous 
expression in cerebral 
myocytes 

Myogenic 
vasoconstriction 

Indirect through 
activation ryanodine 
receptors  

(Morita et al., 2007) 

TRPM4 Increased 
intraluminal 
pressure 

vasculature of isolated hind 
limbs of TRPM4-/- mice 

Blood pressure 
regulation 

Indirect through 
catecholamine 
release from 
chromaffin cells 

(Mathar et al., 2010) 

TRPM7 FSS Heterologous expression in 
A7r5 cells 

Vessel wall injury Indirectly through 
TRPM7 incorporation 
into the membrane 

(Oancea et al., 2006) 

TRPM7 HTS, FSS, 
negative pipette 
pressure 

Heterologous expression in 
HEK293 

Osmoregulation Direct? (Numata et al., 2007a) 

TRPM7 HTS, negative 
pipette pressure 

Endogenously expression in 
HeLa, knock-down of TRPM7 
in HeLa 

Osmoregulation 
 

Direct? (Numata et al., 2007b) 

 HTS, 
Hypertonicity 

Heterologous expression in 
HEK293, Endogenous 
expression in HEK293 

NS Indirect through 
molecular crowding 
of TRPM7 regulators 

(Bessac and Fleig, 
2007) 

TRPC      
TRPC1 Negative pipette 

pressure 
Heterologous expression in 
COS and CHO 

NS None (Gottlieb et al., 2008) 

TRPC1 Increased 
intraluminal 
pressure; 
HTS, inflation 

cerebral arteries isolated from 
TRPC1-/- mice; 
 
Cerebral smooth muscle cells 
from TRPC1-/- mice 

 None (Dietrich et al., 2007) 

TRPC5 HTS, positive 
pipette pressure 

Heterologous expression in 
HEK293 

Osmoregulation in 
nervous system 

Indirect (Gomis et al., 2008) 

TRPC5 HTS Heterologous expression in 
HEK293 

NS Indirect through 
activation of 
Gq/11PCRs 

(Jemal et al., 2014) 

TRPC6 Negative pipette 
pressure 

Heterologous expression in 
COS and CHO 

NS None (Gottlieb et al., 2008) 
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TRPC6 HTS, negative 
pipette pressure 

Heterologous expression in 
HEK293 

NS None (Mederos y Schnitzler 
et al., 2008) 

TRPC6 HTS Heterologous expression in 
CHO-K1 

NS Direct? (Wilson and Dryer, 
2014) 

Purinergic channels      
P2X4 FSS Heterologous expression in 

ooocytes 
NS  None, but HTS 

modulates ATP 
response 

(Kessler et al., 2011) 

P2X4 FSS Endogenous expression in 
HUVEC, heterologous 
expression in HEK293 

Sensation of fluid 
shear stress 

Likely indirect 
through 
mechanically-
mediated ATP 
release 

(Yamamoto et al., 
2000) 
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Supplementary Table 2: Protein sequence alignment of mouse and human TRPC1 isoforms. The following isoforms were used for sequence alignment: 
human TRPC1a (NP_001238774), mouse TRPC1α (NP_035773.1), extended mouse and human TRPC1α (NTX-TRPC1), as well as human TRPC1β 
(NP_003295.1) and TRPC1ε. Asterisks indicate identical amino acids in all TRPC1 proteins. Numbers at the end of each line indicate the respective amino acid 
number. The starting amino acids are highlighted in light magenta. Amino acids missing from other isoforms are highlighted in light blue. Transmembrane regions 
are indicated in yellow. A nucleotide sequence alignment of 13 homologs of TRPC1 mRNA can be found in the supplementary figure of (Ong et al., 2013).  
 

mTRPC1α            ---------------------------------------------------------------------------------------MGAPPP   6  

NTX-mTRPC1α        LARSTLSSPDGRGPARPGRRRLGRGRWPRGRASAATNLGLSVEGECWFRGEATPFGANGPHADVAVGTTH----PFSSSGSGSGSAPMGAPPP  89  

NTX-hTRPC1α        LARATLSSPDGRGPARPGRRRLGRGRWPRGRACAATNLGLSVEGECWFSGEATPFGANGPRAEAAVGTTHPFSSPGAWLGSGSGSGPVGAPPP  93  

hTRPC1α            ---------------------------------------------------------------------------------------------      

hTRPC1ε            ---------------------------------------------------------------------------------------------      

hTRPC1β            ---------------------------------------------------------------------------------------------      

                                                                                                                      

 

mTRPC1α            SPGLPPSWAAMMAALYPSTDLSGVSSSSLPSSPSSSSPNEVMALKDVREVKEENTLNEKLFLLACDKGDYYMVKKILEENSSGDLNINCVDVL  99  

NTX-mTRPC1α        SPGLPPSWAAMMAALYPSTDLSGVSSSSLPSSPSSSSPNEVMALKDVREVKEENTLNEKLFLLACDKGDYYMVKKILEENSSGDLNINCVDVL 182  

NTX-hTRPC1α        SPGLPPSWAAMMAALYPSTDLSGASSSSLPSSPSSSSPNEVMALKDVREVKEENTLNEKLFLLACDKGDYYMVKKILEENSSGDLNINCVDVL 186 

hTRPC1α            ----------MMAALYPSTDLSGASSSSLPSSPSSSSPNEVMALKDVREVKEENTLNEKLFLLACDKGDYYMVKKILEENSSGDLNINCVDVL  83  

hTRPC1β            ----------MMAALYPSTDLSGASSSSLPSSPSSSSPNEVMALKDVREVKEENTLNEKLFLLACDKGDYYMVKKILEENSSGDLNINCVDVL  83  

hTRPC1ε            ----------MMAALYPSTDLSGASSSSLPSSPSSSSPNEVMALKDVREVKEENTLNEKLFLLACDKGDYYMVKKILEENSSGDLNINCVDVL  83  

                             ************* *********************************************************************      

 

mTRPC1α            GRNAVTITIENESLDILQLLLDYGCQSADALLVAIDSEVVGAVDILLNHRPKRSSRPTIVKLMERIQNPEYSTTMDVAPVILAAHRNNYEILT 192  

NTX-mTRPC1α        GRNAVTITIENESLDILQLLLDYGCQSADALLVAIDSEVVGAVDILLNHRPKRSSRPTIVKLMERIQNPEYSTTMDVAPVILAAHRNNYEILT 275  

NTX-hTRPC1α        GRNAVTITIENENLDILQLLLDYGCQSADALLVAIDSEVVGAVDILLNHRPKRSSRPTIVKLMERIQNPEYSTTMDVAPVILAAHRNNYEILT 279  

hTRPC1α            GRNAVTITIENENLDILQLLLDYGCQSADALLVAIDSEVVGAVDILLNHRPKRSSRPTIVKLMERIQNPEYSTTMDVAPVILAAHRNNYEILT 176  

hTRPC1β            GRNAVTITIENENLDILQLLLDYGCQ----------------------------------KLMERIQNPEYSTTMDVAPVILAAHRNNYEILT 142  

hTRPC1ε            GRNAVTITIENENLDILQLLLDYGCQSADALLVAIDSEVVGAVDILLNHRPKRSSRPTIVKLMERIQNPEYSTTMDVAPVILAAHRNNYEILT 176  

                   ************ *************                                  *********************************      

 

mTRPC1α            MLLKQDVSLPKPHAVGCECTLCSAKNKKDSLRHSRFRLDIYRCLASPALIMLTEEDPILRAFELSADLKELSLVEVEFRNDYEELARQCKMFA 285  

NTX-mTRPC1α        MLLKQDVSLPKPHAVGCECTLCSAKNKKDSLRHSRFRLDIYRCLASPALIMLTEEDPILRAFELSADLKELSLVEVEFRNDYEELARQCKMFA 368  

NTX-hTRPC1α        MLLKQDVSLPKPHAVGCECTLCSAKNKKDSLRHSRFRLDIYRCLASPALIMLTEEDPILRAFELSADLKELSLVEVEFRNDYEELARQCKMFA 372  

hTRPC1α            MLLKQDVSLPKPHAVGCECTLCSAKNKKDSLRHSRFRLDIYRCLASPALIMLTEEDPILRAFELSADLKELSLVEVEFRNDYEELARQCKMFA 269  

hTRPC1β            MLLKQDVSLPKPHAVGCECTLCSAKNKKDSLRHSRFRLDIYRCLASPALIMLTEEDPILRAFELSADLKELSLVEVEFRNDYEELARQCKMFA 235  

hTRPC1ε            MLLKQDVSLPKPHAVGCECTLCSAKNKKDSLRHS-------RCLASPALIMLTEEDPILRAFELSADLKELSLVEVEFRNDYEELARQCKMFA 262  

                   **********************************       ****************************************************      

 

mTRPC1α            KDLLAQARNSRELEVILNHTSSDEPLDKRGLLEERMNLSRLKLAIKYNQKEFVSQSNCQQFLNTVWFGQMSGYRRKPTCKKIMTVLTVGIFWP 378  
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NTX-mTRPC1α        KDLLAQARNSRELEVILNHTSSDEPLDKRGLLEERMNLSRLKLAIKYNQKEFVSQSNCQQFLNTVWFGQMSGYRRKPTCKKIMTVLTVGIFWP 461  

NTX-hTRPC1α        KDLLAQARNSRELEVILNHTSSDEPLDKRGLLEERMNLSRLKLAIKYNQKEFVSQSNCQQFLNTVWFGQMSGYRRKPTCKKIMTVLTVGIFWP 465  

hTRPC1α            KDLLAQARNSRELEVILNHTSSDEPLDKRGLLEERMNLSRLKLAIKYNQKEFVSQSNCQQFLNTVWFGQMSGYRRKPTCKKIMTVLTVGIFWP 362  

hTRPC1β            KDLLAQARNSRELEVILNHTSSDEPLDKRGLLEERMNLSRLKLAIKYNQKEFVSQSNCQQFLNTVWFGQMSGYRRKPTCKKIMTVLTVGIFWP 328  

hTRPC1ε            KDLLAQARNSRELEVILNHTSSDEPLDKRGLLEERMNLSRLKLAIKYNQKEFVSQSNCQQFLNTVWFGQMSGYRRKPTCKKIMTVLTVGIFWP 355  

                   *********************************************************************************************      

 

mTRPC1α            VLSLCYLIAPKSQFGRIIHTPFMKFIIHGASYFTFLLLLNLYSLVYNEDKKNTMGPALERIDYLLILWIIGMIWSDIKRLWYEGLEDFLEESR 471  

NTX-mTRPC1α        VLSLCYLIAPKSQFGRIIHTPFMKFIIHGASYFTFLLLLNLYSLVYNEDKKNTMGPALERIDYLLILWIIGMIWSDIKRLWYEGLEDFLEESR 554  

NTX-hTRPC1α        VLSLCYLIAPKSQFGRIIHTPFMKFIIHGASYFTFLLLLNLYSLVYNEDKKNTMGPALERIDYLLILWIIGMIWSDIKRLWYEGLEDFLEESR 558  

hTRPC1α            VLSLCYLIAPKSQFGRIIHTPFMKFIIHGASYFTFLLLLNLYSLVYNEDKKNTMGPALERIDYLLILWIIGMIWSDIKRLWYEGLEDFLEESR 455  

hTRPC1β            VLSLCYLIAPKSQFGRIIHTPFMKFIIHGASYFTFLLLLNLYSLVYNEDKKNTMGPALERIDYLLILWIIGMIWSDIKRLWYEGLEDFLEESR 421  

hTRPC1ε            VLSLCYLIAPKSQFGRIIHTPFMKFIIHGASYFTFLLLLNLYSLVYNEDKKNTMGPALERIDYLLILWIIGMIWSDIKRLWYEGLEDFLEESR 448  

                   *********************************************************************************************      

 

mTRPC1α            NQLSFVMNSLYLATFALKVVAHNKFHDFADRKDWDAFHPTLVAEGLFAFANVLSYLRLFFMYTTSSILGPLQISMGQMLQDFGKFLGMFLLVL 564  

NTX-mTRPC1α        NQLSFVMNSLYLATFALKVVAHNKFHDFADRKDWDAFHPTLVAEGLFAFANVLSYLRLFFMYTTSSILGPLQISMGQMLQDFGKFLGMFLLVL 647  

NTX-hTRPC1α        NQLSFVMNSLYLATFALKVVAHNKFHDFADRKDWDAFHPTLVAEGLFAFANVLSYLRLFFMYTTSSILGPLQISMGQMLQDFGKFLGMFLLVL 651  

hTRPC1α            NQLSFVMNSLYLATFALKVVAHNKFHDFADRKDWDAFHPTLVAEGLFAFANVLSYLRLFFMYTTSSILGPLQISMGQMLQDFGKFLGMFLLVL 548  

hTRPC1β            NQLSFVMNSLYLATFALKVVAHNKFHDFADRKDWDAFHPTLVAEGLFAFANVLSYLRLFFMYTTSSILGPLQISMGQMLQDFGKFLGMFLLVL 514  

hTRPC1ε            NQLSFVMNSLYLATFALKVVAHNKFHDFADRKDWDAFHPTLVAEGLFAFANVLSYLRLFFMYTTSSILGPLQISMGQMLQDFGKFLGMFLLVL 541  

                   *********************************************************************************************      

 

mTRPC1α            FSFTIGLTQLYDKGYTSKEQKDCVGIFCEQQSNDTFHSFIGTCFALFWYIFSLAHVAIFVTRFSYGEELQSFVGAVIVGTYNVVVVIVLTKLL 657  

NTX-mTRPC1α        FSFTIGLTQLYDKGYTSKEQKDCVGIFCEQQSNDTFHSFIGTCFALFWYIFSLAHVAIFVTRFSYGEELQSFVGAVIVGTYNVVVVIVLTKLL 740  

NTX-hTRPC1α        FSFTIGLTQLYDKGYTSKEQKDCVGIFCEQQSNDTFHSFIGTCFALFWYIFSLAHVAIFVTRFSYGEELQSFVGAVIVGTYNVVVVIVLTKLL 744  

hTRPC1α            FSFTIGLTQLYDKGYTSKEQKDCVGIFCEQQSNDTFHSFIGTCFALFWYIFSLAHVAIFVTRFSYGEELQSFVGAVIVGTYNVVVVIVLTKLL 641  

hTRPC1β            FSFTIGLTQLYDKGYTSKEQKDCVGIFCEQQSNDTFHSFIGTCFALFWYIFSLAHVAIFVTRFSYGEELQSFVGAVIVGTYNVVVVIVLTKLL 607  

hTRPC1ε            FSFTIGLTQLYDKGYTSKEQKDCVGIFCEQQSNDTFHSFIGTCFALFWYIFSLAHVAIFVTRFSYGEELQSFVGAVIVGTYNVVVVIVLTKLL 634  

                   *********************************************************************************************      

 

mTRPC1α            VAMLHKSFQLIANHEDKEWKFARAKLWLSYFDDKCTLPPPFNIIPSPKTICYMISSLSKWICSHTSKGKVKRQNSLKEWRNLKQKRDENYQKV 750  

NTX-mTRPC1α        VAMLHKSFQLIANHEDKEWKFARAKLWLSYFDDKCTLPPPFNIIPSPKTICYMISSLSKWICSHTSKGKVKRQNSLKEWRNLKQKRDENYQKV 833  

NTX-hTRPC1α        VAMLHKSFQLIANHEDKEWKFARAKLWLSYFDDKCTLPPPFNIIPSPKTICYMISSLSKWICSHTSKGKVKRQNSLKEWRNLKQKRDENYQKV 837  

hTRPC1α            VAMLHKSFQLIANHEDKEWKFARAKLWLSYFDDKCTLPPPFNIIPSPKTICYMISSLSKWICSHTSKGKVKRQNSLKEWRNLKQKRDENYQKV 734  

hTRPC1β            VAMLHKSFQLIANHEDKEWKFARAKLWLSYFDDKCTLPPPFNIIPSPKTICYMISSLSKWICSHTSKGKVKRQNSLKEWRNLKQKRDENYQKV 700  

hTRPC1ε            VAMLHKSFQLIANHEDKEWKFARAKLWLSYFDDKCTLPPPFNIIPSPKTICYMISSLSKWICSHTSKGKVKRQNSLKEWRNLKQKRDENYQKV 727  

                   *********************************************************************************************      
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mTRPC1α            MCCLVHRYLTSMRQKMQSTDQATVENLNELRQDLSKFRNEIRDLLGFRTSKYAMFYPRN 809 

NTX-mTRPC1α        MCCLVHRYLTSMRQKMQSTDQATVENLNELRQDLSKFRNEIRDLLGFRTSKYAMFYPRN 892 

NTX-hTRPC1α        MCCLVHRYLTSMRQKMQSTDQATVENLNELRQDLSKFRNEIRDLLGFRTSKYAMFYPRN 896 

hTRPC1α            MCCLVHRYLTSMRQKMQSTDQATVENLNELRQDLSKFRNEIRDLLGFRTSKYAMFYPRN 793 

hTRPC1β            MCCLVHRYLTSMRQKMQSTDQATVENLNELRQDLSKFRNEIRDLLGFRTSKYAMFYPRN 759 

hTRPC1ε            MCCLVHRYLTSMRQKMQSTDQATVENLNELRQDLSKFRNEIRDLLGFRTSKYAMFYPRN 786 

                   ***********************************************************     
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Supplementary Table 3: Comparison of ion concentrations and respective calculated equilibrium potentials in the solutions used in the study of 

Anderson et al. (2013) and Forst et al. (2015). Anderson et al. (2013) diluted the original isotonic bath solution with 30% water resulting in a hypotonic bath 

solution with reduced ion concentrations. As a consequence, the equilibrium potentials of the ions calculated using the Nernst equation at 22°C differ between 

iso- and hypotonic bath solution. In contrast, Forst et al. (2015) used an isotonic bath solution that was supplemented with non-membrane permeable sugar 

mannitol to prevent ion concentration differences between iso- and hypotonic bath solution resulting in constant equilibrium potentials.  

 

Anderson et 
al. (2013) 

 

[Ion] in 
intracellular 

solution 

[Ion] in 
isotonic 

extracellular 
solution 

[Ion] in 
hypotonic 

extracellular 
solution 

Calculated equilibrium potentials 
at 22°C in isotonic extracellular 

solution 

Calculated equilibrium 
potentials at 22°C in 

hypotonic extracellular 
solution 

Cs+ 125.0 mM     5.4 mM     3.8 mM ECs, iso : -80.7 mV ECs, hypo :  -89.8 mV 

Cl- 147.4 mM 167.8 mM 117.5 mM ECl, iso :    -3.3 mV ECl, hypo :   +5.8 mV 

Na+   10.0 mM 150.0 mM 105.0 mM ENa, iso : +69.5 mV ENa, hypo : +60.4 mV 

Ca2+       0 mM     5.4 mM    3.8 mM ECa, iso :     +∞ mV ECa, hypo :      +∞ mV 

Forst et al. 
(2015) 

[Ion] in 
intracellular 

solution 

[Ion] in iso- and hypotonic 
extracellular solution 

Calculated equilibrium potentials at 22°C in iso- and hypotonic 
extracellular solution 

Cs+ 120.0 mM        0 mM ECs :     -∞ mV 

Cl- 137.0 mM 112.0 mM ECl :   +5.2 mV 

Na+  10.0 mM 110.0 mM ENa : +61.6 mV 

Ca2+ 100.0 nM     0.1 mM ECa : +88.7 mV 
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proteins.  

Figure 17: Proposed model of activation for TRPC4 and TRPC5 channels. 

Figure 18: Mechanical activation of Gq/11 protein-coupled receptors in vascular smooth muscle 

cells. 

Figure 19: Podocyte structure and function. 

Figure 20: Schematic representation of the mechanosensitive ion channel complex Deg/ENaC 

in C. elegans and a putative ion channel complex containing TRPC6 in podocytes. 

Figure 21: Comparison of hypotonically induced currents in murine podocytes.  

Figure 22: Proposed model of mechanically-induced P2X4 activation and resulting 

reorganization of the actin cytoskeleton in podocytes. 
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