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Abstract

Mechanotransduction, the conversion of physical forces into biochemical signals, is an essential 

component of numerous physiological processes including not only conscious senses of touch and 

hearing, but also unconscious senses such as blood pressure regulation. Mechanically activated 

(MA) ion channels have been proposed as sensors of physical force, but the identity of these 

channels and an understanding of how mechanical force is transduced has remained elusive. A 

number of recent studies on previously known ion channels along with the identification of novel 

MA ion channels have greatly transformed our understanding of touch and hearing in both 

vertebrates and invertebrates. Here, we present an updated review of eukaryotic ion channel 

families that have been implicated in mechanotransduction processes and evaluate the 

qualifications of the candidate genes according to specified criteria. We then discuss the proposed 

gating models for MA ion channels and highlight recent structural studies of mechanosensitive 

potassium channels.

Introduction

Our sensory system allows us to perceive the external world. Each of the five senses 

contains a unique receptor cell in which integral membrane proteins, such as G Protein-

Coupled Receptors (GPCRs) or ion channels, convert external stimuli into electrical signals 

that are relayed to our brain. For example, rod cells in the eye express high levels of 

rhodopsin, a GPCR conjugated to a chromophore and activated by photons of light (Figure 

1A). Olfactory epithelial cells contain a diverse array of GPCRs that are activated by volatile 

small molecules in the air and allow us to sense smells (Figure 1B). Similarly, GPCRs 

expressed in taste receptor cells, are activated by chemicals in the food that we eat (Figure 

1C). Unlike these three senses, our ability to feel touch and hear sounds comes from the 

activation of ion channels that respond to mechanical forces such as vibration, indentation, 

gravity and sound waves (Figures 1D and 1E). Epithelial hair cells contain a stereocilia 

bundle that are inter-connected by tip links. The mechanical force imparted by sound waves 

bends the stereocilia and pulls on the tip links. The strain induced by tip link pulling is 

thought to open a mechanically activated ion channel complex (Figure 1D). The peripheral 
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endings of somatosensory neurons consist of either free nerve terminals thought to detect 

noxious stimuli or specialized terminals that detect innocuous physical stimuli (Figure 1E).

Fundamental insight into the function of the sensory system has been gained by the 

identification and characterization of the receptor genes for each system. Partly because it is 

expressed in high enough levels to facilitate biochemical analysis, rhodopsin was the first 

sensory receptor gene to be identified and sequenced (Hargrave et al., 1983; Nathans and 

Hogness, 1983). Advances in molecular cloning techniques and new strategies to identify 

genes based on sequence similarities to known GPCRs led to the landmark discovery of a 

multi-gene GPCR family of olfactory receptors, as well as the identification of receptors for 

taste (Buck and Axel, 1991; Hoon et al., 1999). Electrophysiology recordings of auditory 

receptor cells were the first experiments to suggest the existence of ion channels that could 

be directly activated by mechanical force (Corey and Hudspeth, 1979). Stretch activated 

cation channels were then recorded in other non-sensory tissues, such as skeletal muscle 

cells (Guharay and Sachs, 1984).

Unlike the structural similarities of GPCRs, ion channels vary greatly in sequence and 

function. Indeed, the only common structural feature of ion channels is that they all contain 

a minimum of two transmembrane domains. Whereas rhodopsin is highly enriched in rod 

cells, mechanosensitive ion channels are usually expressed at low levels in endogenous cells 

and may be associated in complexes with auxiliary proteins (Arnadottir and Chalfie, 2010). 

These limitations have delayed the identification of mechanically activated ion channels 

compared to other receptors. Indeed, many of the candidate mechanosensitive channels in 

vertebrates and invertebrates were ultimately identified by genetic or genomic screens, and 

not via biochemical or homology approaches.

It has previously been suggested that certain qualifications must be met in order for a 

candidate ion channel to be considered a transducer of mechanical force (Arnadottir and 

Chalfie, 2010; Christensen and Corey, 2007). The candidate gene must be expressed in a 

mechanosensitive cell and loss of that gene should abolish mechanosensitivity without 

affecting the development of that cell. Ideally, expression of the candidate gene should be 

sufficient to confer mechanosensitivity to a naïve cell and deletion of the gene in a model 

organism should lead to deficits in mechanotransduction processes in vivo. Further 

characterization includes validation that the candidate gene encodes for the pore forming 

subunit, either by engineering point mutations that alter ion selectivity and conductance or 

by structural analysis. If auxiliary subunits are not involved in gating, the candidate ion 

channel should retain mechanosensitivity when purified and reconstituted into artificial lipid 

bilayers.

The identification of receptors remains a critical first step towards an understanding of 

mechanotransduction processes in vivo. Indeed, the characterization of temperature activated 

Transient Receptor Potential ion channels has greatly advanced our understanding of 

thermosensation in both vertebrates and invertebrates (Caterina et al., 1997; Peier et al., 

2002). Only a few candidate mechanosensitive ion channels have been discovered that meet 

all of the prerequisite qualifications. However, over the past few years, a number of 

advances have been made through the identification of new ion channels, such as the Piezo 
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family, as well as the elucidation of high-resolution crystal structures of mechanosensitive 

potassium channels.

In this review, we summarize research into eukaryotic ion channel families that contain 

candidate genes implicated as mechanically activated ion channels. While we focus 

primarily on the sensory systems of touch and hearing, it is important to note that 

mechanotransduction processes extend to numerous physiological systems including 

cardiovascular, pulmonary, vestibular, baroreceptor reflex etc. (Teng et al., 2015). 

Mechanosensitive ion channels are expressed in nearly all cell types, including commonly 

studied heterologous expression systems like the Neuro2A cell line from which Piezo1 was 

identified (Coste et al., 2010). Although we describe eukaryotic channels in greater detail, 

we also present an analysis of studies from bacterial MscL and MscS ion channels in the 

context of two general models for how physical forces can gate mechanically activated ion 

channels. Recent studies of K2P potassium channels have shown that the principles 

established for gating prokaryotic mechanosensitive ion channels are more similar to 

eukaryotic channels than previously appreciated.

Assays of Mechanotransduction

The development of assays to probe the function of mechanically activated ion channels has 

played an important role in the identification and characterization of these elusive ion 

channels. Mechanically activated ion channels can respond to a diverse range of physical 

forces such as vibration, stretch, or sound waves (Delmas et al., 2011). Numerous in vitro 

and ex vivo assays have been developed to apply various forms of mechanical force either to 

isolated cells or to intact tissue preparations. Ion channel activation is usually recorded by 

directly measuring ion flow across the lipid bilayer using patch clamp electrophysiology of 

isolated cells or by recording action potential firing activity from nerve fibers in intact tissue 

preparations (Reeh, 1986). Along with electrophysiology techniques, calcium sensitive 

fluorescent small molecules such as Fura-2 or genetically encoded calcium indicator (GECI) 

proteins have also been used to measure the activity of mechanically activated cation 

channels (Tian et al., 2009; Tsien, 1989).

The application of mechanical force to isolated cells is achieved primarily by fluid shear 

stress, membrane stretch or membrane indentation with a glass pipette (Figures 2A–2D). 

Membrane stretch can also be applied to purified, lipid-solubilized ion channels 

reconstituted into proteoliposomes (Brohawn et al., 2014b). Each of these potentially 

distinct mechanical stimuli is thought to be relevant for specific cell types. For example, 

endothelial cells experience shear stress; muscles cells, stretch; somatosensory neurons, 

membrane indentation. Both fluid shear stress and membrane indentation have also been 

used to apply mechanical force to the stereocilia bundle of isolated epithelial hair cells 

(Figures 2E and 2F) (Fettiplace and Kim, 2014). Whereas mechanical indentation is used 

primarily to deflect the stereocilia bundle in one direction, fluid shear stress can deflect the 

stereocilia bundle in both forward and reverse directions (Kim et al., 2013). Interestingly, 

changes to osmotic potentials can induce cell swelling and can also exert mechanical strain 

onto the cell membrane (Figure 2G). However, cellular swelling due to changes in osmotic 

potentials is slower and less uniform compared to other mechanical forces such as stretch or 
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membrane indentation, and likely involves numerous compensatory cytoskeletal changes 

(Sachs, 2010). Swelling can also cause activation of ion channels via indirect mechanisms 

including reduction of ionic strength. Therefore, cell swelling alone cannot be used as 

evidence of direct mechanosensitivity.

New methods have been developed to apply mechanical force to specific locations of a cell, 

including the nerve terminals, or neurites, where mechanically activated ion channels are 

thought to be functioning (Poole et al., 2015). Poole et al. have developed an elastomeric 

pillar array where each pilus is controlled by a piezoelectric device and can be deflected to 

apply local mechanical indentation (Figure 2H). Using this system, the authors were able to 

show distinct populations of mechanically activated currents in Dorsal Root Ganglia (DRG) 

neurons by substrate deflection at both the soma and the neurite (Poole et al., 2014).

Along with studies of isolated cells, ex vivo preparations have also been used to study the 

function of mechanically activated somatosensory neurons. The primary advantage of this 

setup is the ability to keep intact the native organization of mechanoreceptors that innervate 

the skin. The skin-nerve preparation technique is used to record action potentials from the 

saphenous nerve upon mechanical indentation of the associated skin layer (Figure 2I) 

(Zimmermann et al., 2009). A variation of this technique is to record directly from DRG 

neuron cell bodies instead of the saphenous nerve (Figure 2J) (Koerber and Woodbury, 

2002; Li et al., 2011).

Although distinct forms of mechanical force such as shear stress and membrane stretch have 

been described to be relevant to specific cell types, it is important to note that mechanically 

activated ion channels can often be activated by multiple types of physical forces. While it 

has been shown that certain cell types are tuned to respond preferentially to one form of 

mechanical force, the commonality to all of the mechanical forces described above is the 

perturbation of the membrane lipid bilayer (Arnadottir and Chalfie, 2010; Hoffman et al., 

2011; Kung, 2005). Later in this review, we discuss the two leading proposed models for 

transmission of physical forces to mechanically activated ion channels.

Candidate Gene Families

DEG/ENaC/ASIC Ion Channels

Sodium ion channels expressed in somatosensory neurons of C. elegans were among the 

first identified eukaryotic mechanically activated ion channels (Figure 3A) (Arnadottir and 

Chalfie, 2010; Chalfie, 2009). The Degenerin (DEG) genes were so named because 

mutations that caused constitutively active sodium currents led to the degeneration of 

mechanosensitive neurons and rendered worms incapable of escaping from a physical 

poking stimulus (Schafer, 2015). Among the DEG genes, MEC-4 and MEC-10 were shown 

to be pore-forming subunits of an ion channel complex required for the activity of the gentle 

touch receptor neurons ALM and PLM (O'Hagan et al., 2005). Loss of MEC-4 or MEC-10 

ablates the mechanosensitivity of PLM neurons in vivo and missense mutations to Mec-10 

alters the ion conductivity of these cells upon mechanical stimulation (O'Hagan et al., 2005). 

However, neither MEC-4 nor MEC-10 is sufficient to confer mechanically activated 

currents in heterologous expression systems. When a constitutively active (degenerin) 
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mutant form of MEC-4 or MEC-10 was expressed in Xenopus oocytes, an amiloride-

sensitive sodium current was recorded, and the current amplitude was dramatically increased 

when these proteins were co-expressed with MEC-2, a stomatin-related integral membrane 

protein, and MEC-6, a paraoxonase-related integral membrane protein (Chelur et al., 2002; 

Goodman et al., 2002). Importantly, biochemical evidence for the existence of a multi-

subunit complex has not yet been established.

Two other DEG genes, DEGT-1 and DEG-1, have been implicated as mechanotransducers 

in C. elegans. DEGT-1, along with MEC-10, are necessary for mechanically induced 

calcium transients in the nociceptive PVD neuron (Chatzigeorgiou et al., 2010). DEGT-1 

and MEC-10 co-localize in dendritic puncta of PVD neurons and loss of MEC-10 in PVD 

neurons abolishes the escape response of worms to a physical poking stimulus. Whereas the 

PVD neurons sense noxious mechanical forces applied to the body of the worm, the ASH 

neuron is required for sensing nociceptive signals at the nose. In ASH neurons, DEG-1 is 

required for the majority (∼80%), but not entirety, of the mechanically induced currents 

(Geffeney et al., 2011). Mutations to the putative pore domain of DEG-1 alter the ion 

selectivity, arguing that DEG-1 is the pore forming subunit of the mechanically activated 

channel in these cells.

While DEG genes have been well characterized in C. elegans, a role for the evolutionarily 

conserved orthologs in mechanotransduction in Drosophila or mammals is less clear. Two 

DEG/ENaC (Epithelial Sodium Channels) genes, Pickpocket and Balboa, are necessary for 

mechanical activation of class IV dendritic arborization neurons in Drosophila larvae 

(Mauthner et al., 2014; Zhong et al., 2010). However, similar to MEC-4 and MEC-10, 

neither gene is sufficient to generate mechanically induced currents in heterologous 

expression systems (Mauthner et al., 2014). In mammals, the evolutionarily related Acid 

Sensing Ion Channel genes (ASIC1–3) are expressed in DRG neurons but do not contribute 

to mechanosensitivity of these cells (Drew et al., 2004; Page et al., 2004). ASIC genes are 

also expressed in nodose ganglia neurons that project to the aortic arch and the carotid sinus 

arteries and express mechanoreceptors that detect changes in blood pressure in a process 

termed the baroreceptor reflex (Lu et al., 2009). ASIC2−/− mice displayed elevated basal 

arterial pressure and heart rates, and showed signs of Dysautonomia, a broad term referring 

here to an impaired ability to regulate arterial function upon acute changes. Isolated nodose 

ganglia neurons from ASIC2−/− mice showed slightly decreased mechanically induced 

depolarization compared to wild type controls, suggesting a role for ASIC2 in modulating 

the mechanosensitivity of these cells.

Interestingly, the stomatin-like gene, STOML3 is evolutionarily related to MEC-2 and 

modulates the activity of mechanosensitive DRG neurons (Wetzel et al., 2007). Loss of 

STOML3 increased the number of mechanically insensitive DRG nerve fibers and led to 

deficits in the ability of mice to sense a sandpaper-like textured surface. STOML3 can 

modulate the sensitivity of both Piezo1 and Piezo2 in vitro by decreasing the mechanical 

threshold needed for activation of these channels (Poole et al., 2014).
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TRP Ion Channels

Transient Receptor Potential (TRP) ion channels are an evolutionarily conserved family of 

genes that are essential to a wide range of sensory functions (Dhaka et al., 2006; 

Venkatachalam and Montell, 2007). TRP channels can be generally classified into seven 

categories based on sequence homology: TRPA, TRPC, TRPM, TRPML, TRPN, TRPP and 

TRPV (Christensen and Corey, 2007). TRP channels are non-selective cation channels that 

associate as tetramers where each monomer contains 6 transmembrane (TM) domains and a 

pore loop domain between TM5 and TM6 (Figure 3B) (Cao et al., 2013; Liao et al., 2013). 

TRP channels are polymodal in that they are activated by numerous stimuli including 

voltage, temperature, and small molecules and a number of TRP channel members have 

been implicated as candidate mechanotransducers in flies, worms and mammals (Arnadottir 

and Chalfie, 2010; Delmas and Coste, 2013).

Research in invertebrate model organisms has elegantly demonstrated the function of TRP 

channels, and in particular TRPN orthologs, in touch and hearing. In Drosophila larvae, the 

TRPN ortholog, NOMPC, is expressed in Class III dendritic arborization neurons and is 

necessary for the response of larvae to light touch stimuli (Walker et al., 2000; Yan et al., 

2013). NOMPC is sufficient to confer mechanically activated currents when mis-expressed 

in class IV neurons and when heterologously expressed in the Drosophila S2 cell line. 

Furthermore, mutations in the putative pore domain alter the ion selectivity (Yan et al., 

2013). These qualities establish NOMPC as a mechanically activated ion channel required 

for Drosophila touch sensation. NOMPC also plays a critical role in auditory 

mechanotransduction in Drosophila Johnston's organ, although there are conflicting reports 

about whether NOMPC or two TRPV proteins, Nanchung and Inactive, are required for the 

receptor currents (Effertz et al., 2012; Lehnert et al., 2013).

In C. elegans, a TRPN ortholog, TRP-4, is expressed in the cilium of the Cephalic neuron 

(CEP) that is responsible for basal slowing responses when activated by light touch stimuli 

(Kang et al., 2010; Li et al., 2006). Deletion of TRP-4 abolishes mechanically activated 

currents in CEP neurons and leads to deficits in the behavioral slowing response. 

Overexpression of TRP-4 confers mechanically activated currents and rescues the 

behavioral response to touch, arguing that TRP-4 is both necessary and sufficient for this 

response. Similar to the experiments in Drosophila NOMPC, mutations to the pore domain 

alters the ion selectivity of the mechanically activated current in CEP neurons (Kang et al., 

2010). These data establish TRPN orthologs in both flies and worms as bona fide sensors of 

mechanical force. Similar to TRPN, the TRPV genes, nanchung and inactive, as well as the 

TRPA ortholog, painless, are necessary for hearing and touch responses in flies, 

respectively, while the C. elegans TRPA-1 ortholog is involved in somatosensation (Gong et 

al., 2004; Kim et al., 2003; Kindt et al., 2007; Tracey et al., 2003).

In mammals, however, a TRPN ortholog does not exist and the importance of vertebrate 

TRP channels in mechanotransduction remains less clear than for the invertebrate orthologs. 

For example, TRPV4 expressed in HEK293 cells did not respond to membrane stretch but 

others have reported that TRPV4 expressed in Xenopus oocytes or endogenous TRPV4 in 

urothelial cells can be activated by stretch (Loukin et al., 2010; Mochizuki et al., 2009; 
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Strotmann et al., 2000). TRPV4 can also be activated indirectly by osmotic force induced 

cell swelling and fluid shear stress, but TRPV4−/− mice have only slight deficits in response 

thresholds to a tail pinch stimulus (Liedtke et al., 2000; Suzuki et al., 2003; Vriens et al., 

2004). These results available to date suggest that TRPV4 plays a minor role in 

mechanotransduction processes in vivo. TRPA1 has been definitively shown not to be 

required for hearing in mammals (Bautista et al., 2006; Kwan et al., 2006). However, some 

groups have reported a potential role for TRPA1 in mediating mechanically activated 

currents in a subset of DRG neurons (Kwan et al., 2009; Vilceanu and Stucky, 2010). 

Chemical inhibition of TRPA1 evoked subtle behavioral deficits, suggesting that TRPA1 

may play a modulatory role in noxious mechanosensitive DRG neurons (Lennertz et al., 

2012; Petrus et al., 2007).

Beyond the sensory systems, TRP channels have also been implicated in cilia 

mechanotransduction. Primary cilia have been considered as shear stress sensors in renal 

epithelial cells as well as in endothelial cells (AbouAlaiwi et al., 2009; Nauli et al., 2003). 

Fluid shear stress applied to cultured Madin-Darby Canine Kidney (MDCK) cells was 

shown to bend the primary cilium and correlated with an increase in cytoplasmic calcium 

concentration (Praetorius and Spring, 2001; Schwartz et al., 1997). Two genes, PKD1 and 

PKD2 (or TRPP2), were localized to the cilia of mouse kidney epithelial cells and calcium 

imaging revealed that cells isolated from PKD1−/− mice were no longer responsive to shear 

stress (Nauli et al., 2003; Pazour et al., 2002; Yoder et al., 2002). These results established a 

model that fluid shear stress activates the PKD1/PKD2 complex, leading to calcium 

signaling through the IP3 pathways as well as release of calcium from ER stores through the 

ryanodine receptor (Nauli et al., 2003). Deficits to the function of these pathways would 

then presumably lead to the cyst formations found in diseases such as autosomal dominant 

polycystic kidney disease (ADPKD).

Recent studies have begun to highlight complications associated with this model. 

Importantly, the primary cilium is relatively small in proportion to the entire cell (less than 1 

um in width and a ∼10 um in length) and neither PKD1 nor PKD2 have been shown to be 

mechanically activated in heterologous expression systems (DeCaen et al., 2013; Delling et 

al., 2013; Peyronnet et al., 2012). Application of fluid shear stress to MDCK cells leads to 

ATP release and calcium influx into the cytoplasm via activation of P2XR and P2YR 

(Rodat-Despoix et al., 2013). In this study, the authors showed that calcium influx upon 

shear stress occurred regardless of the presence of cilia, arguing for an indirect role of cilia 

in mechanotransduction processes.

Advances have been made by multiple groups using Genetically Encoded Calcium 

Indicators (GECI) to specifically label the primary cilium and record calcium transients in 

the cilia distinct from the calcium influx into the cytoplasm. Using a cilia targeting G-

GECO1.0 construct expressed in ciliated mouse inner medullary collecting duct (mIMCD3) 

cells, Su et al. could visualize shear stress mediated calcium influx in the primary cilium, 

however these responses started only at 15 seconds after the onset of flow (Su et al., 2013). 

This slow latency for response complicates the interpretation of whether cilia are direct 

sensors of shear stress.
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Delling and DeCaen et al. expanded on the use of GECI methods to label cilia and used 

patch clamp electrophysiology to directly record a non-selective cation channel current, 

termed Icilia (DeCaen et al., 2013; Delling et al., 2013). In a human retina pigmented 

epithelial cell line (hRPE), direct measurements of cilia using whole cell patch clamp 

electrophysiology or single channel recordings from detached cilia revealed calcium 

currents that were also present in primary RPE cells, kidney IMCD cells and embryonic 

fibroblasts (MEFs). While many putative ciliary ion channels were expressed in hRPE cells, 

siRNA knockdown of only PKD1L1 and PKD2L1 ablated the Icilia current. Biochemical 

analysis showed that PKD1L1 and PKD2L1 physically interact and, while PKD2L1 can 

form a homomeric channel, the endogenous Icilia current is likely mediated by a heteromeric 

channel of PKD1L1 and PKD2L1. Interestingly, the authors showed that this heteromeric 

channel is only weakly activated by membrane stretch and temperature and propose that this 

weak activation is negligible to the cytoplasmic calcium concentration as a whole. Delling et 

al. further found that ciliary calcium concentrations are much higher relative to the 

cytoplasmic calcium concentration. PKD1L1 had been shown to have a ciliary phenotype in 

left/right symmetry, and the authors now showed that loss of PKD2L1 led to subtle 

malrotation defects in the intestines through alteration in sonic hedgehog (shh) signaling.

Overall, the data from direct recording of cilia indicate that the main function of the cilia is 

likely as a calcium-rich organelle critical for signaling pathways. While Delling and DeCaen 

showed that PKD1 and PKD2 are not required for Icilia currents in hRPE cells, the function 

of these genes in kidney epithelial cells under shear stress (and the implication to the 

mechanism of ADPKD cyst formation) is still not known. Although PKD1 and PKD2 are 

not mechanically activated in heterologous expression systems, their main role could be in 

modification or tuning of other mechanosensitive ion channels such as TREK/TRAAK and 

Piezos. In smooth muscle cells, the heteromeric PKD1/PKD2 complex can regulate the 

activity of a stretch activated cation channel through an interaction with the actin 

cytoskeleton (Sharif-Naeini et al., 2009). In renal epithelial cells, PKD1 and PKD2 interact 

with the stretch activated potassium channels TREK-1 and TRAAK to protect against 

mechanical strain induced apoptosis (Peyronnet et al., 2012). In these cells, PKD1/PKD2 

can also modulate the stretch induced activation of Piezo1 (Peyronnet et al., 2013). This 

“mechanoprotection” role argues that the importance of PKD1 and PKD2 activation upon 

mechanical stimulation may be as modulators of other mechanically activated ion channels.

TMC/TMHS/TMIE (transduction channel in hair cells)

The sense of hearing is mediated by an extraordinarily intricate process in which hair cells 

convert mechanical forces from sound waves into electrical signals that are relayed to the 

brain (Gillespie and Muller, 2009; Hudspeth, 2014). All vertebrate hair cells contain 

stereocilia bundles on their apical surface that are arranged in rows of increasing height and 

are connected to each other by small strands called tip links, composed of Cadherin 23 

(Cdh23) and Protocadherin 15 (Pcdh15) (Kazmierczak et al., 2007; Siemens et al., 2004). 

Hair cells are positioned in the cochlea along a tonotopic gradient where the frequency of 

the sound waves detected varies from the apex to the base (Beurg et al., 2006). Mechanical 

forces produced by sound waves deflect the hair cell stereocilia bundles and the physical 

strain induced by tip link movement is thought to gate a mechanically activated (or 
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mechanotransducer, MT) ion channel located at the lower end of each tip link (Beurg et al., 

2009). Tip links are thought to be essential for the gating of the ion channel and a number of 

genes have been described that are required for the proper connection of the tip link to the 

stereocilia at both the upper and lower ends (Assad et al., 1991; Fettiplace and Kim, 2014). 

Although a number of candidate genes have been suggested, the identity of the mammalian 

mechanotransducer channel complex remains incomplete. At present, four genes have been 

shown to be necessary components of the hair cell mechanotransducer complex: 

Transmembrane Channel Like proteins 1 and 2 (TMC1 and TMC2), Tetraspan Membrane 

Protein of Hair Cell Stereocilia (TMHS), and Transmembrane Inner Ear Expressed Gene 

(TMIE).

Mutations in the TMC1 gene were identified through genetic sequencing analysis of human 

patients with hearing disorders and mouse models for deafness that mapped to mutations in 

the TMC1 locus (Deol, 1958; Kurima et al., 2002; Vreugde et al., 2002). TMC genes are 

evolutionarily conserved and biochemical analysis of mouse TMC1 revealed a topology 

with 6 putative TM domains (Figure 3C) (Kawashima et al., 2015; Labay et al., 2010). 

Although this topology is generally similar to voltage gated potassium and TRP ion 

channels, a pore domain has not yet been identified. Expression of TMC1 and TMC2 RNA 

transcripts in the utricle and cochlea correlated with the onset of mechanotransduction in 

newborn mice (Kawashima et al., 2011). Interestingly, TMC2 but not TMC1 expression in 

the cochlea decreased after P5. Using null allele mouse lines, Kawashima et al. reported that 

TMC1 deficient mice were deaf whereas TMC2 -deficient mice did not have hearing 

defects. Mice deficient in either TMC1 or TMC2 alone did not display vestibular defects, 

however, mice deficient in both TMC1 and TMC2 were deaf and had characteristic 

vestibular defects such as circling, head-bobbing and ataxic gate. Electrophysiology 

recordings of the outer hair cells upon physical deflection of the sterocilia bundles showed 

that mechanically activated currents were not present in TMC1/2 DKO mice. These deficits 

occurred without gross alterations to hair bundle morphology in newborn pups and, in 

organotypic explants, mechanically activated currents in TMC1/2 DKO mice could be 

rescued by viral transfection of either TMC1 or TMC2 (Kawashima et al., 2011).

Further analysis showed that mechanotransducer currents were also abolished in the inner 

hair cells of TMC1/2 DKO mice (Pan et al., 2013). Pan et al. recorded single channel 

currents from inner hair cells of the Beethoven mouse model and found alterations in 

calcium ion permeation (Kurima et al., 2002; Vreugde et al., 2002). The Beethoven mouse 

model contains a Methionine to Lysine (M412K) point mutation in the TMC1 gene that the 

authors hypothesize lies within the pore domain and leads to the decreased calcium 

permeation. However, the pore domain of either TMC1 or TMC2 has not been 

experimentally identified and the only evidence for ion conductivity from any TMC proteins 

comes from the C. elegans ortholog, TMC-1 (Chatzigeorgiou et al., 2013). Heterologous 

expression of worm TMC-1 reportedly led to a sodium selective current upon stimulation of 

cells with 150 mM NaCl. These results have not yet been reproduced by other groups and 

mechanically induced currents have not been reported. Pan et al. also recorded a range of 

mechanotransducer channel properties in cells that express TMC1, TMC2 or a combination 

of both genes, and proposed that TMC oligomers could vary in composition along the 
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tonotopic axis (Pan et al., 2013). One problem with this argument is that TMC-2 is not 

expressed in cochlear hair cells of adult mice, and thus a multimeric channel with different 

stoichiometries of TMC1 and TMC2 might only exist during a limited developmental 

timeframe. Because the mechanotransducer ion channel complex has been shown to reside 

in the lower end of the tip link where PCDH15 is localized, and because tip links are 

necessary for gating the mechanically activated channel complex, a physical association 

with PCDH15 should presumably be a requirement for any candidate gene. In line with this 

requirement, a recent report showed that mouse TMC1 can physically associate with 

PCDH15 (Beurg et al., 2014b; Maeda et al., 2014).

These data together argue that TMC1/TMC2 are expressed in mechanosensitive cells, are 

necessary components of the hair cell mechanotransducer complex and that TMC1 may 

potentially be the pore-forming subunit. However, TMC genes, like the MEC complexes in 

C. elegans, have not been shown to confer mechanically activated channel activity in naïve 

cells. This could be because heterologous expression of TMC genes lead to retention of the 

protein in the ER (Labay et al., 2010). Another complication for the role of TMC1/2 as the 

mechanotransducer channel arose from reports of an anomalous mechanically activated 

current from hair cells of TMC1/2 DKO mice. Using a fluid-jet shear stress mechanical 

stimulus capable of both pushing and pulling the stereocilia bundles, Kim et al. reported a 

mechanotransducer current that was present upon deflection of the stereocilia in the reverse 

direction (Kim et al., 2013). The conduction properties of the reversed polarity current was 

similar to the wild type mechanotransducer current and was blocked by FM1–43, 

dihydrostreptomycin, and extracellular Ca2+ (Beurg et al., 2014a; Kim et al., 2013). 

Interestingly, ablation of tip links also presented this similar reversed polarity current, and 

the authors argued that this activity is likely mediated by a mechanotransducer channel that 

does not associate with tip links. The reverse polarity MT currents in TMC1/2 double 

mutant mice were not affected by tip link breakage, suggesting a gating mechanism distinct 

from the wild type MT channel complex (Fettiplace and Kim, 2014; Kim et al., 2013). At 

the moment, the physiological relevance of this aberrant current is unclear and, notably, the 

reverse polarity current can only be recorded in atypical conditions, such as in mouse lines 

containing mutations in PCDH15 and CDH23 that affect tip link architecture (Alagramam et 

al., 2011). In light of these data, Fettiplace and colleagues suggest that TMC genes act as the 

vestibule in a complex with the pore-forming subunit of an unidentified mechanotransducer 

channel.

The hypothesis that the mechanotransducer channel exists as a complex with multiple genes 

as oligomers is in line with the findings that two membrane bound proteins, TMHS and 

TMIE, are both required subunits of the mechanotransducer complex (Figures 3D and 3E) 

(Xiong et al., 2012; Zhao et al., 2014). Loss of TMHS in mice led to a nearly complete 

(∼90%) reduction in the activity of the mechanotransducer channel. Although gross 

morphological alterations to stereocilia structure were not observed, the number of tip links 

was greatly reduced in TMHS−/− mice. TMHS is expressed at the ends of the stereocilia, 

physically associates with PCDH15 and regulates the surface expression of PCDH15. 

Importantly, single channel recordings revealed a decrease in maximum amplitude of 

channel conductance, and changes to channel adaption properties including an increased 

latency for channel activation and channel open time (tau). Given that tip links are critical to 
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gating of the mechanotransducer channel complex and that loss of TMHS alters the MT 

channel pore properties, TMHS likely serves as an auxiliary subunit that can couple the MT 

channel complex to the tip links (Xiong et al., 2012). A recent report further showed that 

loss of TMHS also lead to a concomitant decrease in the expression of TMC1 (Beurg et al., 

2014b). TMHS can physically associate with TMC1 but not TMC2, and the authors showed 

that the residual MT currents observed in TMHS deficient hair cells likely stems from 

TMC2 activity. Interestingly, both macroscopic and single channel recordings revealed that 

loss of TMHS attenuated the tonotopic gradient in conductance and channel amplitude, 

respectively (Beurg et al., 2014b).

Along with TMHS, TMIE can form a multimeric complex with TMHS and PCDH15 (Zhao 

et al., 2014). TMIE contains 2 TM domains and has been previously implicated in human 

deafness (Mitchem et al., 2002; Naz et al., 2002). TMIE is expressed at the tips of the 

stereocilia, near the lower end of the tip link, and loss of TMIE abolishes the 

mechanotransducer current. In cochlear explant experiments, transfection of TMIE could 

rescue the MT currents in TMIE deficient hair cells. However, heterologous expression of 

TMIE was not sufficient for mechanically activated channel activity. An elegant set of 

experiments using variant isoforms of the cytosolic domains of PCDH15 showed that TMIE 

is required for coupling the MT channel complex to PCDH15 (Zhao et al., 2014). These data 

suggest that alternate splicing of PCDH15 and the various interactions with TMIE and 

TMHS could be yet another mechanism for generating diversity to the MT channel complex.

Given all of the recent data, it seems clear that TMC1, TMHS and TMIE are all necessary 

components of the mechanotransducer complex and that TMC2 can functionally substitute 

for TMC1. However, it is not clear if there are yet unidentified subunits of this complex, and 

the relationship of each protein to the pore-forming subunit is not fully defined. While ion 

selectivity measurements of hair cells from the Beethoven mouse suggest that TMC1 may be 

the pore-forming subunit, precedents exist for mutations in proteins within an ion channel 

complex to alter ion selectivity without necessarily lining the pore. For example, a point 

mutation in the hydrophobic domain of MinK, a single pass transmembrane protein, led to 

altered ion selectivity and open channel block of a slowly activating potassium current in 

Xenopus oocytes (Goldstein and Miller, 1991; Takumi et al., 1988). These results initially 

led the authors to conclude that MinK itself was an ion channel. Later studies, however, 

showed that MinK was not the pore-lining subunit and instead associated with the pore of 

KvLQT1 (Kv7.1) to form a fully functional channel (Barhanin et al., 1996; Sanguinetti et 

al., 1996). More recently, ion selectivity of the calcium release-activated calcium channel 

(CRAC1), was shown to be modulated by varying concentrations of the associated protein 

STIM1, even though STIM1 is not a pore-forming subunit, but in fact is present in the ER 

(McNally et al., 2012). These results highlight the ability of accessory proteins to modulate 

ion selectivity and suggest that more experiments are needed to validate TMC1 as the pore-

forming subunit of the hair cell mechanotransducer complex.

Finally, the identity of the channel responsible for the reverse polarity current and the 

physiological roles of this current are also unknown. In fact, it is not fully clear if the 

channel responsible for the reversed polarity currents is entirely separate from or is the same 

as the pore-forming subunit of the native mechanotransducer current. The existence of 

Ranade et al. Page 11

Neuron. Author manuscript; available in PMC 2016 September 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multiple genes that are necessary for the MT current fits with the model of a channel 

complex whose subunit composition varies in a manner that could explain the tonotopic 

gradient.

Mechanosensitive Potassium Channels

The existence of mechanosensitive potassium channels adds a layer of complexity to the 

basic model of neuronal activation by mechanical force: whereas the opening of 

mechanosensitive cation channels leads to membrane depolarization and triggers action 

potentials or neurotransmitter release, mechanosensitive potassium channels would 

hyperpolarize the membrane potential and thus decrease the likelihood of an action 

potential. While this may seem counter-intuitive, mechanosensitive potassium channels can 

counteract, or balance, the activity of mechanosensitive cation channels. Although the 

physiological roles of potassium channels in mechanotransduction are not yet fully 

understood, biophysical and structural studies are starting to provide novel information on 

how mammalian mechanically activated ion channels are gated.

Potassium channels are generally divided into three classes: 6/7 transmembrane (TM) 

domain voltage gated (Kv) and calcium activated (Kca) potassium channels, 2 TM domain 

inwardly rectifying channels (Kir) and 4 TM domain “two pore domain” channels (K2P) 

(Berkefeld et al., 2010; Noel et al., 2011; Stocker, 2004). Kv, Kca, and Kir channels associate 

as tetramers where each monomer contains one pore domain (PD) region (hence each 

subunit contributes one quarter of the ion conducting pore in a tetrameric assembly), while 

the K2P channels are dimers where both monomers contain two pore domains regions (and 

each subunit contributes half of the ion conducting pore in a dimeric assembly) (Figure 3F) 

(Enyedi and Czirjak, 2010; Pardo and Stuhmer, 2014).

K2P channels were one of the first identified mammalian mechanically activated ion 

channels and recent studies have provided evidence that members of this family directly 

sense mechanical forces imparted through the lipid membrane (Brohawn et al., 2014b). 

Originally discovered in yeast (Ketchum et al., 1995), sequence homology screens of the 

pore domain region led to the identification of the first mammalian K2P channel, TWIK-1 

(Tandem of P domains in a Weak Inward rectifying K+ channel) (Lesage et al., 1996). Thus 

far, 15 mammalian K2P channels have been identified (Honore, 2007), and three channels in 

particular have been shown to be mechanically activated: TREK-1 (TWIK-1 related K+ 

channel) (Fink et al., 1996), TREK-2 (Bang et al., 2000; Lesage et al., 2000) and TRAAK 

(TWIK-related arachidonic acid-stimulated K+ channel) (Fink et al., 1998).

TREK-1 is a polymodal ion channel whose activity is regulated by a wide range of stimuli 

including mechanical force, temperature, polyunsaturated fatty acids (PUFA) such as 

arachidonic acid, inhalation anesthetics and pH (Maingret et al., 2000; Maingret et al., 

1999b; Patel et al., 1999; Patel et al., 1998). Expression of TREK-1 in Xenopus oocytes and 

in COS-7 cells led to membrane stretch, osmotic swelling and laminar shear stress induced 

channel activity (Patel et al., 1998). Stretch-induced channel activity was still present in 

excised patch recordings, arguing that TREK-1 mechanosensitivity is likely not occurring 

indirectly through cytoskeleton-associated proteins. TREK-1 is expressed throughout the 

central nervous system and in DRG neurons, where it is co-expressed with the nociceptive 
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ion channel TRPV1. Mechanically activated potassium currents were recorded from cultured 

DRG neurons and this activity was lost in TREK-1−/− animals (Alloui et al., 2006). 

Interestingly, TREK-1−/− mice were more sensitive than wild type controls to von Frey 

stimuli and displayed more nocifensive behaviors upon injection of osmotic stimuli. 

TREK-1−/− mice were also more susceptible to chemically induced seizures and were 

insensitive to some inhalant anesthetics such as halothane (Heurteaux et al., 2004). These 

behavioral results are consistent with the model that TREK-1 decreases the activity of 

central and peripheral neurons and can coordinately act alongside ion channels that activate 

these neurons (Brohawn et al., 2014b). These data also show that TREK-1 expression in 

mechanosensitive cells is physiologically relevant, and that TREK-1 is both necessary and 

sufficient for detecting mechanical forces. However, since K2P channels are polymodal in 

nature, it is not clear if mechanical forces or other stimuli that modulate these channels are 

the cause of these phenotypes.

TREK-2 and TRAAK are the only other K2P ion channels that can be activated by 

mechanical forces (Brohawn et al., 2014b; Honore, 2007). Similar to TREK-1, both rat and 

human TREK-2 can be activated by membrane stretch in heterologous expression systems 

(Bang et al., 2000; Lesage et al., 2000). TRAAK channels, which bear lower sequence 

homology to TREKs but contain a similar tandem 2 pore domain topology, are activated by 

mechanical forces in excised patch recordings (Maingret et al., 1999a). Interestingly, 

TRAAK channels are also activated by amphipathic compounds that selectively insert into 

one side of the lipid bilayer and create a convex curvature of the membrane (Maingret et al., 

1999a). Consistent with this finding, TRAAK channels are activated by negative pressure in 

inside-out patches and by positive pressure in outside-out patches. These data again 

highlight the ability of membrane tension to gate TREK/TRAAK channels and suggest that 

asymmetric tension induced by curvature is an important activating stimulus. Mice deficient 

in both TREK-2 and TRAAK also are more sensitive to von Frey filaments and paw 

injection of hypotonic solution (Noel et al., 2009; Pereira et al., 2014).

Recent biochemical and structural studies have begun to address the question of how 

mammalian mechanosensitive ion channels can sense mechanical forces in the membrane 

and potentially integrate all of the various activating modalities. Two groups were able to 

express, purify and reconstitute TREK-1 and TRAAK in proteoliposomes and show that 

mechanosensitivity is maintained in an isolated membrane environment (Berrier et al., 2013; 

Brohawn et al., 2014b). Brohawn et al. recorded potassium currents from excised patches of 

human TRAAK and zebrafish TREK-1 reconstituted in proteoliposomes, and showed that 

both channels were activated by membrane stretch. Channel properties were largely similar 

in excised patches compared to whole cell recordings, and both TREK-1 and TRAAK were 

activated by either negative or positive pressure. These studies show that TRAAK and 

TREK-1 are directly sensitive to and intrinsically gated by membrane tension.

Along with biochemical studies, the high-resolution crystal structures of TWIK-1, TRAAK 

and TREK-2 have provided confirmation of the model that the individual pore domain 

regions coordinate potassium ions by converging in a manner similar to other four-fold 

symmetrical tetrameric ion channels (Brohawn et al., 2012; Dong et al., 2015; Miller and 

Long, 2012). All three structures show that K2P channels contain large extracellular loop 
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helices between TM1 and P1 that can form a physical barrier or “helical cap,” forcing 

potassium ions to exit through lateral openings and providing a possible explanation for why 

numerous classical extracellular potassium channel blockers do not affect K2P channels 

(Honore, 2007). Interestingly, all three structures show a wide opening or “fenestration” 

below the selectivity filter in the region that corresponds to the inner leaflet of the lipid 

bilayer. It has been proposed that this opening could provide an access point for membrane 

bound lipids such as PUFAs to modulate channel activity.

Brohawn et al. reported the x-ray crystal structures of TRAAK in conductive and non-

conductive conformations (Brohawn et al., 2014a). In a non-conductive conformation, a 

lipid acyl chain density was observed that is proposed to cause an occluded pore. A 5A° 

wide lateral opening in the membrane inner leaflet is suggested to be an access window for 

the lipid acyl chain to enter channel’s cavity. In the conductive conformation, the lipid acyl 

chain was absent and the presence of Tl+ ion led the authors to predict an unhindered and 

open permeation pathway. The conductive state conformation also showed rotation of TM4 

about a central hinge that could presumably block the intra-membrane opening, preventing 

lipid access to the cavity and permitting ion entry. In a separate study, Lolicato et al. 

concluded that the TM4 conformational change of TRAAK hinges on the conserved Glycine 

(G124) that resides on the pore helix (P1) that contacts the top of TM4 (Lolicato et al., 

2014). The authors report crystal structures of two mutants, G124I and W262S, that render 

TRAAK channels in an activated state as compared to wild type. Comparison and 

superposition of mutants vs. wild type show that straightening of the TM4 helix repositions 

the TM4 C-terminal end by 23–27 degrees. This large change in TM4 position is also 

associated with disruption of inter-helical packing between TM2-TM3 transmembrane 

helices, and an opening of a wide pathway to the inner leaflet of the bilayer. The salient 

feature of the TRAAK structure by Brohawn et al. is that membrane tension leads to channel 

activation. This idea is supported by the presence and absence of the ions and lipid-like 

moiety in the open and closed conformation, respectively. A caveat to the TRAAK structure 

by Lolicato et al. is that the authors used activating mutations that induce the open 

conformation. Despite the differences in the models of channel gating, the structural data 

from both studies identified conformation changes in TM4 of TRAAK channels as a critical 

component required to favor an open state (Brohawn et al., 2014a; Lolicato et al., 2014).

The x-ray crystal structure of TREK-2 in the absence and presence of a chemical antagonist 

offers additional clues to the mechanism of K2P channel gating (Dong et al., 2015). Dong et 

al. were able to resolve the structure of TREK-2 in both a conductive and non-conductive 

state, based on the conformational changes of TM2-TM4. Similar to the TWIK-1 and 

TRAAK structures, in the “down” state, or closed state, an intra-membrane fenestration 

beneath the selectivity filter is accessible for lipids and membrane bound chemical 

modulators. In the “up” state, the intra-membrane fenestration is inaccessible due to 

conformational changes in TM2-TM4. As further evidence that the “down” state is non-

conductive, the authors show that the state dependent inhibitors, fluoxetine and 

norfluoxetine, bind TREK-2 only in the “down” state, where the intra-membrane 

fenestration is accessible. These data are consistent with biochemical results that 

norfluoxetine inhibition is decreased when TREK-2 is activated with arachidonic acid or by 
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membrane stretch, and that TREK-2 activation by membrane stretch is inhibited by pre-

incubation with norfluoxetine.

Although K2P channels have received the most attention for their mechanotransduction 

properties, the modulation of voltage gated potassium channels by mechanical force has also 

been recorded (Anishkin et al., 2014; Morris, 2011). Schmidt et al. showed that the Kv1.2 

Paddle chimera, Shaker Kv1.1 and Kv2.1 exhibit low threshold mechanosensitivity and over 

time change their gating properties upon formation of a gigaseal patch for electrophysiology 

recordings (Schmidt et al., 2012). Two different patch configurations -whole cell vs. on cell- 

were tested to account for the differences in the lateral membrane tension. In all three 

potassium channels, on cell patch configuration (high tension membrane) caused the 

leftward shift of voltage activation curves, irrespective of the cell types tested. These data 

suggest that membrane tension indirectly affects the activity of voltage gated potassium 

channels, and could counteract the activity of cation channels in mechanosensitive cells. In 

line with this hypothesis, Hao et al. reported the presence of a novel voltage dependent 

mechanically activated potassium current present in mouse DRG neurons (Hao et al., 2013). 

Using a panel of toxins and recordings from neurons of mice deficient in TREK-1, TREK-2 

and TRAAK, the authors identified Kv1.1 subunits as being necessary for this current. A 

dominant negative Kv1.1 mouse line dramatically reduced the endogenous response and 

Kv1.1 oligomers were sufficient to produce MA currents in heterologous expression systems. 

The authors showed that mechanical force leads to voltage dependent channel activation 

and, in DRG neurons, Kv1.1 oligomers negatively regulate the mechanical activation of 

nociceptive high threshold C fibers (C-HTMRs). Consequently, mice that contain a 

dominant negative form of Kv1.1 display decreased response thresholds to von Frey stimuli. 

These results show that voltage gated potassium channels can act as negative regulators or 

brakes against the function of excitatory ion channels and, like the K2P channels, tune the 

overall response.

Recent findings have solidified the role of K2P channels TREK1, TREK2 and TRAAK as 

bona fide mechanically activated ion channels that are physiologically important for tuning 

the activity of mechanosensitive DRG neurons. One key question that remains is how 

mechanical forces are integrated in cells where mechanosensitive potassium channels are co-

expressed with mechanosensitive cation channels. Interestingly, Brohawn et al. showed that 

expression of TRAAK in the neuroblastoma cell line, N2A, led to decreased depolarization 

of the membrane potential upon mechanical indentation (Brohawn et al., 2014b). This 

reduction in the depolarization produced by TRAAK channels is likely due to the 

simultaneous activation of endogenous Piezo1 in these cells, suggesting a similar 

mechanism for mechanotransduction in vivo.

Piezo Ion Channels

The activation of mammalian touch receptor neurons and other mechanosensitive cells, such 

as endothelial or smooth muscle cells, is thought to occur primarily because of mechanically 

activated cation channels (Corey and Hudspeth, 1979; Guharay and Sachs, 1984). Because 

the role of DEG/ENaC and TRP channels in mammalian mechanotransduction remains 

unclear, the identification of novel ion channel families, such as the Piezo ion channel 
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family, has been critical to furthering our understanding of mammalian 

mechanotransduction (Coste et al., 2010). Piezos are evolutionarily conserved in animals 

and plants, but bear no sequence homology to other known ion channel families (Coste et 

al., 2010). In mammals, Piezos are broadly expressed in a wide range of mechanosensitive 

cells and are enriched in the lungs, kidneys and DRG neurons. Although the precise 

topology of Piezo ion channels has not yet been determined, computational models and 

biochemical studies suggest that Piezo ion channels contain at least 18 and, potentially 38 

transmembrane domains, suggesting that Piezos might be the largest identified ion channel 

complex to date (Figures 3G and 3H) (Coste, 2015; Coste et al., 2012).

Piezo1, the founding member of this family, was initially identified as the mechanically 

activated ion channel necessary for membrane indentation and membrane stretch induced 

currents in a neuroblastoma cell line, N2A. Piezo1 associates as a putative tetramer and is a 

non-selective cation channel that is blocked by chemical antagonists such as gadolinium 

(Gd), Ruthenium Red (RR) and GsMTx4, a peptide toxin isolated from tarantula venom 

known to block stretch activated channels (Bae et al., 2011; Coste et al., 2010; Coste et al., 

2012). Piezo2, a related mammalian homolog, was also shown to be necessary for a subset 

of mechanically activated currents in isolated DRG neurons (Coste et al., 2010). 

Importantly, heterologous expression of mouse Piezo1 and Piezo2, as well as Drosophila 

Piezo, was sufficient to confer robust mechanically activated currents in naïve cells (Coste et 

al., 2010; Coste et al., 2012).

Over the past few years, numerous studies have defined the importance of Piezo ion 

channels to mechanotransduction processes in vivo. The Drosophila Piezo ortholog is 

expressed in Class IV dendritic arborization neurons that respond to high intensity or 

noxious touch stimuli (Kim et al., 2012; Yan et al., 2013). Loss of dPiezo abolished 

membrane stretch induced currents in isolated sensory neurons and attenuated the ability of 

larvae to escape from noxious levels of touch stimulation. The deletion of both Piezo and the 

DEG/ENaC gene, Pickpocket, in Class IV neurons abolished the behavioral response of 

larvae to noxious touch stimuli. These results have led to an in-depth understanding of 

peripheral touch sensation in Drosophila larvae: Piezo and Pickpocket function in separate 

but parallel circuits that constitute mechanical responses to noxious stimuli in Class IV 

dendritic arborization neurons, whereas light touch sensation is mediated by the TRP 

channel, NOMPC, in Class III neurons (Kim et al., 2012; Yan et al., 2013).

The function of Piezo ion channels in mammalian mechanotransduction has also been 

elucidated by multiple groups. Whereas Piezo deficient flies are viable, constitutive deletion 

of both Piezo1 and Piezo2 in mice led to developmental lethality (Li et al., 2014; Ranade et 

al., 2014a; Woo et al., 2014b). Piezo1 is required for the development of the mouse 

vasculature through a mechanism involving impaired mechanotransduction of hemodynamic 

shear stress by endothelial cells (Li et al., 2014; Ranade et al., 2014a). Furthermore, Piezo1 

is required for mechanical force induced cation influx in red blood cells and conditional 

deletion of Piezo1 in red blood cells of adult mice leads to increased fragility and 

dehydration (Cahalan et al., 2015). Piezo2 is expressed in a subset of DRG neurons that 

innervate the skin and hair follicles to form low threshold mechanoreceptors such as 

lanceolate endings, circumferential endings and Meissner’s corpuscles (Ranade et al., 
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2014b). Piezo2 is also expressed in Merkel cells, specialized touch receptors embedded in 

the skin that detect light touch, and is required for the mechanosensitivity of these cells 

(Ikeda et al., 2014; Maksimovic et al., 2014; Woo et al., 2014b). Deletion of Piezo2 in 

sensory neurons and in Merkel cells led to a dramatic reduction in a subset of isolated DRG 

neurons that normally display rapidly adapting mechanically activated currents. In skin-

nerve preparation measurements, the activity of nearly all types of low threshold 

mechanoreceptors was markedly reduced or ablated. These deficits in the function of 

sensory neurons in vitro and ex vivo correlated with profound behavioral deficits in light 

touch sensation without any adverse effects to noxious touch (Ranade et al., 2014b). These 

results establish Piezo2 as the primary sensor of light touch in mammals and predict that 

other ion channels likely constitute noxious touch sensation. Interestingly, using a novel 

differentiation protocol to convert human embryonic stem cells (ES) into low threshold 

mechanoreceptor DRG neurons, Schrenk-Seimens et al. showed that Piezo2 is required for 

mechanically activated currents in those cells (Schrenk-Siemens et al., 2015). These results 

in mice, flies and other model organisms including zebrafish and waterfowl, establish the 

critical function of Piezo2 in touch sensation (Faucherre et al., 2013; Schneider et al., 2014).

A mechanistic understanding of how Piezo ion channels sense mechanical forces is still 

unknown. Piezo1 has been shown to form an oligomeric complex that retains activity when 

purified and reconstituted into asymmetric droplet lipid bilayers as well as in asolectin 

proteoliposomes (Coste et al., 2012). The conductance of Piezo1 in cells and lipid bilayers 

closely matches when similar ionic conditions are compared. For example, conductance in 

asymmetric bilayers recorded in 200 mM KCl and in cells recorded in 150 mM NaCl 

(without divalent ions) is equal within an error of ∼58 pS for both conditions. However, 

ionic conditions can affect conductance values in both systems. For example, the presence of 

calcium ions reduces single channel conductance to ∼30 pS in cells (Coste et al., 2015; 

Coste et al., 2012); while recording in standard asymmetric droplet bilayer conditions of 

500mM KCl increases the conductance to ∼120 pS. Overall, the data that purified Piezo1 

oligomers act as ion channels in bilayers cemented the idea that Piezo1 is a bona-fide ion 

channel.

It is interesting to note that Piezo1 channel activity in bilayers was observed in the absence 

of applied mechanical forces (such as pressure or bilayer indentation), (Coste et al., 2012). It 

is not yet clear if other accessory proteins are required to regulate the Piezo channel or if the 

asymmetric lipid composition of the bilayer could affect channel gating similar to results 

from prokaryotic and eukaryotic K2P mechanosensitive channels (Nilius and Honore, 2012). 

Indeed, this question remains to be resolved before Piezo1 can be called to be independently 

mechanosensitive. Regardless, mechanical activation of Piezo1 is shown to be modulated by 

other proteins such as PKD2 (PC2) and STOML3, however the mechanism of this 

interaction is still unclear (Peyronnet et al., 2013; Poole et al., 2014).

Until recently, no small molecule agonists of Piezo ion channels had been reported and it 

was not known if Piezos could be activated by stimuli other than mechanical force. To 

address this issue, Syeda et al. conducted a high throughput chemical library screen for 

agonists of Piezo1 and identified Yoda1 as an activator of both mouse and human Piezo1 but 

not Piezo2 (Syeda et al., 2015). In cell-attached patch clamp recordings of Piezo1 transiently 
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expressed in HEK293 cells, Yoda1 led to slower channel inactivation kinetics and a shift in 

the current-pressure relationship, indicating sensitization to membrane stretch induced 

activation of Piezo1. Yoda1 also activated Piezo1 channels that were purified and 

reconstituted in artificial lipid bilayers, ruling out the possibility that other proteins are 

required for Yoda1 mediated effects on Piezo1 mechanosensitivity. Whether Yoda1 affects 

Piezo1 directly or exerts its effects through changes in the membrane lipid tension is not yet 

known and Yoda1 could be a valuable tool to gain new insights into gating of Piezo 

channels.

Structure/function analysis of Piezo channels is limited, and critical features of the channels, 

including the pore domain, has yet to be defined. Coste et al. used an epitope tagging 

strategy and confirmed that 9 of the putative extracellular loops predicted from 

bioinformatics analyses are indeed accessible from outside of the cell to antibody 

recognition (Coste et al., 2015). The authors then generated chimeric proteins consisting of 

distinct regions of both Drosophila Piezo and mouse Piezo1 and identified two 

transmembrane domains in the C-terminus of mouse Piezo1 that is required for unitary 

conductance, ion selectivity and Ruthenium Red sensitivity. Within this region, mutations to 

a specific glutamate reside, E2133, affected unitary conductance and channel block by 

Ruthenium Red. These results suggest that the channel pore lies within C-terminal domain 

and that E2133 is located physically near the pore (Coste et al., 2015).

Further biochemical and structural analyses are needed to define the exact topology of Piezo 

ion channels, including identification of the pore forming residues, and to elucidate the 

mechanism of activation to both mechanical and chemical stimuli. A recent study has also 

highlighted the ability of membrane bound lipids, such as PIP2, to modulate Piezo1 

mechanosensitivity (Borbiro et al., 2015). Regardless, it is clear that Piezo ion channels are 

both necessary and sufficient to transduce mechanical forces and are physiologically 

relevant in numerous mechanotransduction pathways in vivo. Recent studies linking diseases 

in humans to mutations in Piezo1 and Piezo2 provide further evidence for the importance of 

these genes in vivo (Albuisson et al., 2013; Coste et al., 2013).

Models for Gating Mechanisms of Mechanosensitive Ion Channels

Mechanical activation of ion channels is thought to be mediated by forces transmitted either 

directly through the lipid bilayer or by auxiliary proteins in addition to the lipid bilayer 

(Kung, 2005). Here we discuss two models that have been hypothesized for the gating of ion 

channels by mechanical forces: “tethered” models and a membrane delimited “force from 

lipid” model (Anishkin et al., 2014; Arnadottir and Chalfie, 2010). The primary difference 

between these two models is that the tethered models involve transmission of force to the 

channel complex by auxiliary structures such as the extracellular matrix and/or the 

intracellular cytoskeleton, whereas the “force from lipid” models do not require additional 

components beyond the lipid bilayer. Initially, the tethered model was favored over the more 

simple “force from lipid” model for eukaryotic ion channels because of the extensive 

cytoskeletal and extracellular matrix networks adjacent to the membrane (Chalfie, 2009; 

Kung, 2005). However, recent studies of mammalian mechanosensitive potassium channels 
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have shown that these channels, similar to MscS and MscL channels in prokaryotes, do not 

require auxiliary proteins to transduce mechanical forces.

A “dual-tethered” gating model was first suggested to describe biophysical features of 

mechanical transduction in auditory and vestibular hair cells (Chalfie, 2009). The 

transduction channel was thought to be tethered to extracellular tip links that connect to the 

adjacent stereocilia and to actin filaments of the cytoskeleton (Pickles et al., 1984). Positive 

deflection of the stereocilia would stretch the channel open between the two tethering points. 

This model also implied that transduction is unidirectional and movement of the stereocilia 

only in the direction that stretches the tethered connections opens the channels (Hudspeth 

and Corey, 1977). Apart from the hair cells of the cochlea and the vestibular system, tip 

link-like tethered structures are also present in skin cells (Hu et al., 2010; Li and Ginty, 

2014). Hu et al. showed that low threshold mechanoreceptors (LTMR) and some nociceptive 

high threshold mechanoreceptors (HTMR) require an extracellular tether protein to function. 

A protein filament of ∼100 nm size is synthesized by sensory neurons and links 

mechanosensitive channels to the extracellular matrix, as previously described for tip links. 

Treatment of sensory neurons with non-specific and site-specific endopeptidases to 

terminate the protein tether abolished mechanosensitive currents. Another example of the 

tethered model for somatosensory function involves epithelial hair follicle longitudinal 

lanceolate complexes. These mechanically sensitive structures transform hair follicle 

deflections into electrical impulses. Li and Ginty suggest that “epithelial cell–lanceolate 

complex tethers” serve a function analogous to the tip links. The authors combined genetic 

labeling of low threshold mechanoreceptors, electron microscopic analyses, and genetic 

manipulations to propose that the deflection of hair follicles would place strain on the tethers 

to activate mechanically gated ion channels, thus leading to depolarization.

The “force from lipids” model developed from the identification and functional 

reconstitution of the prokaryotic mechanosensitive ion channel, MscL (Sukharev et al., 

1994). These biochemical studies were followed by a high-resolution crystal structure of 

MscL at 3.5Å resolution in a closed state, as well as the electron paramagnetic resonance 

(EPR) analysis to trap the open and intermediate states of the channel (Chang et al., 1998; 

Perozo et al., 2002a; Perozo et al., 2002b). MscL, a pentameric channel with each monomer 

containing 2 TM domains, has served as an ideal system to study mechanotransduction at 

molecular level. In a closed state, all five TM1 helices of MscL cross near the intracellular 

side of the membrane to create the hydrophobic seal. The TM2 helices then interact with the 

lipid bilayer and TM1 helices. In a modeled open state, based on the EPR data, the TM1 

helices have moved away from the axis of symmetry, thereby breaking the hydrophobic seal. 

Moreover, the crystal structure of a related prokaryotic mechanosensitive ion channel, 

MscS, at 3.9 Å resolution also revealed a tension sensor contained within the protein itself 

(Bass et al., 2002). Unlike MscL, MscS associates as a homo-heptamer and each subunit 

contains 3 TM domains. TM3 helices line the channel pore and TM1 and TM2 helices 

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

characterization of bacterial MscL and MscS has been discussed at length (Hamill and 

Martinac, 2001; Perozo, 2006). Here we will focus on the gating mechanism since the 

membrane-gated model is extensively studied and relatively well understood for bacterial 

channels.
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The common consensus among all the investigations is that the lipid bilayer tension alone is 

sufficient to gate prokaryotic mechanosensitive channels because purified MscL and MscS 

retain their mechanosensitivity when reconstituted into liposomes (Hase et al., 1995; 

Martinac, 2001; Perozo and Rees, 2003; Sukharev et al., 1994). What makes these channels 

respond to membrane tension is less clear and topic of great interest. Spencer et al. proposed 

a concerted mechanism, in which tension within the membrane leads to a simultaneous 

motion of all helices in the TM1 and TM2 leading to the pore opening (Spencer et al., 1999). 

On the other hand, Sukharev et al. postulated that the outer TM2 helices act as a tension 

sensor and can expand significantly before the internal part of the channel opens (Sukharev 

et al., 2001). The channel opens when the tension-sensing rim transfers enough force to pull 

the internal TM1 bundle into the open state.

It has been long postulated and later established that mechanosensitive channels respond to 

mechanical forces along the plane of the cell membrane for example membrane tension but 

not to hydrostatic pressure perpendicular to it (Sokabe and Sachs, 1990; Sokabe et al., 

1991). The conclusion was drawn by varying the pressure in the patch clamp recordings and 

simultaneously calculating the radius of the patch to quantify tension by Laplace’s Law. The 

key properties that provide the lipid bilayer with mechanical force are: hydrophobic 

mismatch, intrinsic curvature and the physical state or fluidity of the lipids. Perozo et al. 

evaluated two potential causes of MscL gating by the bilayer mechanism: (1) protein–lipid-

bilayer hydrophobic mismatch and (2) membrane curvature (Perozo et al., 2002b). The 

gating of MscL is found to be dependent on changes in lipid composition upon addition of 

lysophosphatidylcholine (LPC) into one leaflet. Addition of LPC to one monolayer of the 

bilayer creates local stresses leading to reorganization of the transbilayer pressure profile, 

hence opening the channel. The authors concluded that cone shaped lipids (with high lateral 

tension) favors the fully open state of MscL (Perozo and Rees, 2003) and that the 

hydrophobic mismatch is probably a component but not the main trigger for mechanical 

activation of MscL. These findings were also supported by other reports that emphasized 

lateral tension rather than the membrane curvature as being an important biophysical 

parameter for MscL gating (Moe and Blount, 2005).

Recent biochemical and structural studies have convincingly shown that the “force from 

lipid” model is also applicable to mammalian mechanically activated ion channels. As 

discussed previously in this review, the mechanosensitivity of TREK-1 and TRAAK 

channels was shown to be mediated directly through the lipid bilayer in the absence of other 

cellular components (Brohawn et al., 2014b). However, the molecular mechanism of K2P 

channel gating and the influence of the lipid bilayer to channel mechanosensitivity remain 

unclear. To address the structural aspects of the gating mechanism, three groups have 

published the high-resolution crystal structures of TRAAK and TREK-2 (Brohawn et al., 

2014a; Dong et al., 2015; Lolicato et al., 2014). The TRAAK structure by Lolicato et al., 

suggested that the conformational changes induced by activating-mutants opens up a wide-

pathway towards the inner leaflet of the bilayer. The TRAAK structure by Brohawn et al., 

and TREK-2 structure by Dong et al., proposes that conformational changes within the TM 

domains allow channel gating upon changes to membrane tension. These finding extends the 

“force-from-lipid” model for K2P mechanosensors as is established for bacterial channels.
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The emerging data predicts that force detection of K2P channels must be happening at the 

channel-lipid interface and suggests a common mechanism for mechanotransduction 

between bacterial and mammalian channels (Anishkin et al., 2014). Incredibly, the structural 

data suggest that K2P channels may employ a similar mechanism where membrane tension 

leads to conformational changes of the transmembrane domain region beneath the selectivity 

filter. The lateral opening beneath the selectivity filter as observed in TRAAK and a 

fenestration observed in TREK-2 could provide means for hydrophobic modulators and 

lipids to affect channel function. The polymodal activation of TRAAK and TREK2 by AA, 

PUFA and local anesthetics is reminiscent of MscS and MscL gating by lipids (LPC) and 

local anesthetics. These studies also highlight the importance of high-resolution structural 

data that support biochemical and previous functional analyses of K2p, and bacterial MSc in 

the literature. These studies also highlight the importance of high-resolution structural data 

that now support biochemical and previous functional analyses of K2p in the literature. 

Based on converging similarities between prokaryotic and eukaryotic channels on the “force 

from lipid” model, it is likely that the tethered model might be a reiteration of basic force 

from lipid model. This idea, put forth by Kung et al. over a decade ago, suggests that 

tethered links pull the channel within the membrane while deforming and tensing up the 

bilayer around channel (Kung, 2005). In depth studies are required to confirm the 

convergence of both the models but the challenge lies in reconstituting multimeric 

components of proteins to study tethered model. Nevertheless, understanding the molecular 

mechanism of mechanotransduction not only requires a quantitative narrative of the physical 

forces but also a thorough investigation of protein–lipid interactions.

Conclusions/Future Directions

The ability of cells to sense mechanical force is a fundamental process conserved throughout 

evolution. Diverse mechanotransduction processes allow us to sense tactile inputs, hear 

sounds, coordinate our bodies in space and regulate blood pressure in response to changes in 

heart rate. Over the past few years, numerous advances have been made in understanding 

mechanotransduction processes in mammals but fundamental questions still remain. 

Biochemical and structural studies have established that the K2P channels TREK-1, TREK-2 

and TRAAK are exquisitely sensitive to mechanical forces in a manner similar to the 

bacterial MscL and MscS channels. How K2P channels are gated by mechanical forces and 

other stimuli is only beginning to be understood, and will lead to a greater understanding of 

the physiological functions of these channels. The publication of multiple high-resolution 

crystal structures also offer the possibility for drug design and the development of specific 

antagonists. While TMC1/2, TMHS and TMIE are all required for hearing in mammals, an 

in-depth understanding of the hair cell mechanotransducer channel complex has yet to be 

described. Further investigation is needed to address the intriguing possibility that distinct 

components to the mechanotransducer channel complex could explain the tonotopic gradient 

from the apex to the base of the cochlea.

Piezo ion channels have been shown to be the receptor of touch sensation in a range of 

model organisms. Furthermore, Piezo ion channels are expressed in a wide range of 

mechanosensitive cell types and recent studies have shown that Piezo1 is required for 

mechanotransduction in endothelial cells as well as in red blood cells. The surprising finding 
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that Piezo ion channels are not only required for detecting touch stimuli in somatosensory 

neurons but also for shear stress responses in endothelial cells suggests that these seemingly 

diverse stimuli may not be fundamentally different. How these various forces impact the 

lipid membrane will certainly be a major avenue for future research. As molecular 

identification of sensory receptors has led to a fundamental understanding of other senses, 

insight into a general role for Piezo ion channels in mechanotransduction processes in 

various physiological systems should further our understanding of how mechanical forces 

regulate a range of cellular functions, and contribute to a deeper understanding of 

mechanotransduction. Interestingly, while cell volume regulation is not classically defined 

as a mechanotransduction process, the recent identification of SWELL1 could lead to new 

insights into similarities between volume regulation and mechanotransduction (Qiu et al., 

2014; Voss et al., 2014). Finally, in mice, loss of Piezo2 did not affect noxious force 

sensation. This suggests that other ion channels that have yet to be identified are likely 

required for this process.

Mechanically activated ion channels, unlike the GPCRs of smell, taste and vision, are 

strikingly diverse receptors in structure and function. Of the gene families discussed in this 

review, the TRP ion channels and the DEG/ENaC channels are critically involved in 

invertebrate mechanotransduction whereas mammals make more use of the Piezo ion 

channels. Why this occurs is unknown and there is still a need to identify new ion channels 

that are responsible for mechanotransduction in both vertebrates and invertebrates.
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Figure 1. Sensory Receptors
(A) The high levels of rhodopsin expressed in rod cells allowed for biochemical isolation 

and characterization before the advent of many molecular biology cloning techniques. (B 
and C) Olfactory and Taste receptor cells are also activated by the binding of small 

molecule ligands to GPCRs. (D and E) Somatosensory neurons detect a wide array of 

mechanical and thermal inputs. Un-myelinated DRG neurons with free nerve endings 

embedded in the skin express ion channels such as TRPM8 for cool, innocuous temperature 

sensing. Some DRG neurons, classified as high threshold mechanoreceptors (HTMR), 

Ranade et al. Page 33

Neuron. Author manuscript; available in PMC 2016 September 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



express TRPV1 and TRPA1 and detect noxious temperature or mechanical forces. At 

present, the sensor for noxious mechanical force is unknown (illustrated as a “?” in the 

figure legend). Light touch is mediated by activation of low threshold mechanoreceptors 

(LTMR) such as the Merkel cell-neurite complex or the Meissner corpuscle. Piezo2 has 

been shown to play a major role for light touch sensation in mice (Ranade et al., 2014b; 

Woo et al., 2014a).
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Figure 2. Mechanotransduction Assays
(A) To generate shear stress, a perfusion tube with a small opening at the tip is placed near 

the cell and bath solution is then injected onto the cell membrane (McCarter et al., 1999; 

Olesen et al., 1988). (B and C) Membrane stretch can either be applied generally to the 

entire basal side of a cell or a liposome that has been seeded onto a flexible material, or, 

more locally, to a small patch of membrane using a glass pipette to generate a protrusion or 

“bleb” (Bhattacharya et al., 2008; Maingret et al., 1999a; Sukharev and Sachs, 2012). (D) 
Physical indentation, or poking of the cell membrane or a lipid bilayer by a glass pipette 

controlled by a piezoelectric device, can also be used to apply force onto a local region of 

the membrane (McCarter et al., 1999). (E and F) Isolated epithelial hair cells can be 
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stimulated with either a glass probe or fluid shear stress. Both methods serve to bend the 

stereocilia but only the shear stress method can be used for applying force in both positive 

and negative directions. (G) Changes to the osmotic potential can cause an influx of water 

and lead to cell swelling. (H) New assays such as the elastomeric pillars have been 

developed to more precisely deliver mechanical strain and can be precise enough to apply 

force to specific parts of a cell, such as the nerve endings. (I) The classic setup for the 

saphenous nerve preparation used to record action potential firing upon stimulation with a 

von Frey filament. (J) A variant form of the skin-nerve preparation that can be used to 

monitor the activity of DRG neurons along the entire spinal cord.
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Figure 3. Eukaryotic Ion Channel Subunits
The topology of ion channel subunits implicated in eukaryotic mechanotransduction 

illustrates the vast diversity compared to other sensory receptors. (A) DEG/ENaC proteins 

have 2 TM domains and associate as trimeric complexes. (B) The general structure of many 

TRP channels is a tetrameric complex where each subunit contains 4 TM domains and a 

pore loop domain between TM5 and TM6. An extraordinary amount of structural diversity 

exists between TRP channel members, particularly within the structure of the N and C 

terminal soluble domains of the proteins. (C – E) At present, four proteins (TMC1/2, TMIE 

and TMHS) have been shown to be necessary for mechanotransducer currents in hair cells. 

The exact composition of the various subunits to the channel complex and whether this 

composition varies along the tonotopic axis is unknown. (F) K2P channels are unique among 

other ion channel complexes in that each subunit contains 2 poor loop helices and the 

formation of a functional pore requires an association of dimers. (G and H) Biochemical 

and computational evidence suggest that Piezo ion channels contain at least 18 TM domains 

and potentially up to 38 TM domains.
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