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Mechanoreception
Introduction

2

“The cell biology of touch” (E.A. Lumpkin, K.L. Marshall, A.M.
Nelson. J. Cell Biol. 2010; 190: 237-248)
and
“Touch sense” (Y. Roudaut, A. Lonigro, B. Coste, J. Hao, P. Delmas,
M. Crest. Channels 2012; 6: 234-245)

Overview

Overview on mechanoreception / mechanotransduction and
mechanoreceptors

Recent Topics

“Drosophila NOMPC is a mechanotransduction channel
subunit for gentle-touch sensation”
Z. Yan et al. Nature 2013; 493: 221-225
“United we stand – integrating the actin cytoskeleton and cell–
matrix adhesions in cellular mechanotransduction”
U.S. Schwarz et al. J. Cell Sci. 2012; 125: 3051-3060
“Mechanosensitive mechanisms in transcriptional regulation”
A. Mammoto et al. J. Cell Sci. 2012; 125: 3061-3073
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Cell Biology of Touch

3

Lumpkin E. et al. JCB 2010;191:237-248
LTMRs: low-threshold mechanoreceptors
- hair-follicle-associated LTMRs (4 types)
- free-nerve-ending LTMRs
- LTMRs in glabrous skin
HTMRs: high-threshold mechanoreceptors
- HTMRs mediate noxious touch

Touch receptors in mammalian skin. Touch-sensitive afferents that innervate mammalian skin display morphological, functional, and developmental diversity. As shown,
lanceolate endings, Merkel cell–neurite complexes, Ruffini endings, and free nerve endings innervate hairy skin. These receptors have unique neuronal outputs, making
classification feasible by electrophysiological recording from intact tissue. Lanceolate endings serve as rapidly adapting or down hair afferents. The latter are exceptionally
sensitive light-touch receptors that depend on Neurotrophin-4 for proper development (Stucky et al., 1998). Merkel cell–neurite complexes mediate slowly adapting type I
(SAI) responses, which are characterized by an irregular firing pattern during sustained pressure (Wellnitz et al., 2010). Although their presence in different species is
debated, Ruffini endings have been proposed to mediate stretch-sensitive slowly adapting type II (SAII) responses (Chambers et al., 1972). Developmental pathways have
not yet been defined for these receptors. Free nerve endings, which abundantly innervate the epidermis, include nociceptors and low-threshold C-fibers (Seal et al., 2009).
Pacinian corpuscles are lamellar vibration receptors that produce rapidly adapting responses. In glabrous skin of the palms and fingertips, Pacinian corpuscles, rapidly
adapting Meissner’s corpuscles (not depicted), Merkel cell–neurite complexes, and free nerve endings make up the majority of touch receptors.
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Cell Biology of Touch
Lumpkin E. et al. JCB 2010;191:237-248
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Mechanosensory transduction in C. elegans
and Drosophila
(A) Mechanosensory neurons of C. elegans
include gentle body touch neurons (blue), multidendritic harsh-touch neurons (red), ciliated
neurons (green) required for nose-touch (ASH,
FLP, and OLQ) or proper foraging behaviors
(CEP, ADE, and PDE [not indicated]), and
ciliated male-specific neurons (orange). For
paired neurons, only one is shown. The
branching menorahs of the PVD cell cover both
sides of the worm, but only one side is shown
for clarity.
(B) An idealized mechanosensory current from
PLM, a body touch neuron, is shown below the
corresponding force stimulus. Force conveyed
directly through contact with the body wall is
sufficient to depolarize touch-sensitive neurons.
This current is carried by MEC-4 transduction–
channel complexes.
(C) Drosophila bristle morphology. Bristle
movement deforms the dendritic sheath of the
mechanosensory neuron, which leads to
neuronal excitation.
(D) Bristle mechanoreceptor currents are
recorded extracellularly in a transepithelial
configuration, causing the current to appear
opposite from C. elegans touch receptors;
however, both currents are excitatory.
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Cell Biology of Touch
Lumpkin E. et al. JCB 2010;191:237-248

5
Molecules that govern touch sensitivity in mammalian somatosensory
neurons
Classes of ion channels that transduce
or modulate touch sensitivity are listed
in bold. Listed below are genes that
have been implicated in mammalian
touch responses or pathologies by
genetic studies. Transduction channels
(cyan) convert force into receptor
currents, which then trigger action
potentials by opening voltageactivated sodium and potassium
channels (blue). This signal travels to
the brain to alert the organism of force
stimuli. Touch sensitivity is also
dictated by ion channels that modify
the signal or set membrane excitability
(green). Touch deficits result from
mutations in voltage-activated sodium
channels (Nassar et al., 2004; Cox et
al., 2006), two-pore potassium
channels (encoded by KCNK genes),
ASIC subunits, which are encoded by
amiloride-sensitive cation channel
(ACCN) genes, and TRP channels,
such as TRPA1. Stomatin-domain
proteins (yellow) alter touch sensitivity
in some mammalian sensory neurons
(Martinez-Salgado et al., 2007; Wetzel
et al., 2007).
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Cell Biology of Touch
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Lumpkin E. et al. JCB 2010;191:237-248

A molecular model of touch — the
MEC-4 complex
The MEC-4 complex of C. elegans
body-touch neurons has been the
focus of three decades of research.
MEC-4 and MEC-10 are Deg/ENaC
isoforms that serve as pore-forming
subunits. Functional channels likely
contain two MEC-4 subunits and one
MEC-10 subunit (Hong and Driscoll,
1994; Jasti et al., 2007). MEC-2 and
MEC-6 are accessory subunits that
enable channel activity. MEC-2 is a
stomatin-like protein located in the
inner leaflet of the membrane, whereas MEC-6 is a paraoxonase-like
transmembrane protein (Chelur et al.,
2002).
Mechanotransduction also requires a
specialized extracellular matrix, consisting of MEC-5, a collagen isoform,
and MEC-1 and MEC-9, both with
multiple EGF repeats. MEC-7 and
MEC-12 are tubulin monomers that
form 15-protofilament microtubules
required for touch sensitivity.

21/03/2013

Cellular Signalling - FS 2013 - Lecture 15

6

Touch Sense: Summary 1

7

Roudaut Y. et al. Channels 2012; 6: 234-245

Organization and projections of cutaneous mechanoreceptors:
Scheme of the projections into the central nervous system
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Touch Sense: Summary 1 (Text)
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Roudaut Y. et al. Channels 2012; 6: 234-245
Text related to previous scheme:

Organization and projections of cutaneous mechanoreceptors. In hairy skin, light brush and touch are mainly detected by the
innervation around the hair follicles: awl/auchenne (A1), zigzag (A2) and guard (A3). Awl/auchene hairs are triply innervated by CLTMR lanceolate endings (A4), Aδ-LTMR and Aβ rapidly adapting-LTMR (A6). Zigzag hair follicles are the shorter hair shafts and
are innervated by both C-LTMR (A4) and Aδ-LTMR lanceolate endings (A5). The longest guard hair follicles are innervated by Aβ
rapidly adapting-LTMR longitudinal lanceolate endings (A6) and are associated with Aβ slowly adapting-LTMR of touch dome
endings (A7). The central projections of all these fibers terminate in distinct, but partially overlapping laminae of the spinal cord
dorsal horn (C-LTMR in lamina II, Aδ-LTMR in lamina III and Aβ-LTMR in lamina IV and V). The projections of LTMR that innervate
the same or adjacent hair follicles are aligned to form a narrow column in the spinal cord dorsal horn (B1 in gray). Only in hairy skin,
a subpopulation of C-fibers free ending innervates the epidermis and responds to pleasant touch (A8). These C-touch fibers don’t
respond to noxious touch and their pathway travel is not yet known (B2). In glabrous skin, innocuous touch is mediated by four
types of LTMRs. The Merkel cell-neurite complex is in the basal layer of the epidermis (C1). This mechanoreceptor consists of an
arrangement between many Merkel cells and an enlarged nerve terminal from a single Aβ fiber. Merkel cells exhibits finger like
processes contacting keratinocytes (C2). The Ruffini ending is localized in the dermis. It is a thin cigar-shaped encapsulated
sensory endings connected to Aβ fiber (C3). The Meissner corpuscle connected to Aβ nerve ending and is located in the dermal
papillae. This encapsulated mechanoreceptor consists of packed down supportive cells arranged as horizontal lamellae surrounded
by connective tissue (C4). Pacinian corpuscle is the deeper mechanoreceptor. One single Aβ unmyelinated nerve ending
terminates in the center of this large ovoid corpuscle made of concentric lamellae. Projections of these Aβ-LTMR fibers in the spinal
cord are divided in two branches. The principal central branch (B3) ascends in the spinal cord in the ipsilateral dorsal forming
cuneate or gracile fascicles (B5) upon medulla level where the primary afferents make their first synapse (B6). The secondary
neurons make a sensory decussation (B7) to form a tract on the medial lemniscus which ascends through the brainstem to the
midbrain, specifically in the thalamus. Secondary branche of LTMR terminates in the dorsal horn in the lamina II, IV, V and interfere
with the pain transmission (B4). Noxious touch is detected by the free nerve ending in the epidermis of both hairy (A9) and glabrous
skin (C7). These mechanoreceptors are the ending of Aδ-HTMR and C-HTMR in close contact with neighboring keratinocytes (C6).
Aδ-hTMR terminate in the lamina I and V; C-HTMR terminate in the lamina I and II (B8). At spinal cord dorsal horn level, primary
afferents HTMRs make synapses with secondary neurons which cross the midline and climb to the higher brain structure in the
anterolateral fascicle (B9, B10). LTMR, low threshold mechanoreceptor; HTMR, high threshold mechanoreceptor.	
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Touch Sense: Summary 2
Tactile receptors in mammals
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Touch Sense: Summary 2 (Text)

10

Roudaut Y. et al. Channels 2012; 6: 234-245
Text related to previous scheme:
Tactile receptors in mammals. Cutaneous tactile receptors differentiate into innocuous touch supported by multiple receptors with

low mechanical threshold (LTMRs) in glabrous and hairy skin and noxious touch supported by high mechanical threshold receptor
(HTMRs). They make up nerve free endings that terminate mainly in epidermis. (A) Glabrous skin. A1: Meissner corpuscles detect
skin motion and slipping of object in the hand. They are important for handing object and dexterity. Receptors rapidly adapt to
stimulus, are connected to Aβ fibers and sparsely to C fibers and have large receptor field. A2: Ruffini corpuscles detect skin stretch
and are important to detect finger position and handing object. Receptor slowly adapt to stimulus and maintained activity as long as
the stimulus was applied. Receptors are connected to Aβ fibers and have large receptive field. A3: Pacinian corpuscles are deeper
in the dermis and detect vibration. Receptors are connected to Aβ fibers; they rapidly adapt to stimulus and have the largest
receptive field. (B) Whole skin. B1: Merkel-cell complexes are present in both glabrous skin and around hair. They are densely
expressed in the hand and are important for texture perception and finest discrimination between two points. They are responsible
for finger precision. Receptors are connected to Aβ fibers; they slowly adapt to stimulus and have short receptive field. B2: Noxious
touch HTMRs with very slow adaptation to the stimulus, i.e., active as long as the nociceptive stimulus is applied. They are formed
by the free nerve ending of Aδ and C-fibers associated to keratinocytes. (C) Hairy skin. C1: Hair follicles are associated with the
different hair types. In mice Guard hairs are the longer and sparsely expressed one, awl/auchenne are of medium size and zigzag
are the smallest and the most densely expressed hair. They are connected to Aβ fibers but also to Aδ and C-LTMRs fibers for awl/
auchenne and zizag hair. They detect hair movement including pleasant touch during caress. They adapt rapidly or with
intermediate kinetic to stimulus. C2: C-touch nerve endings correspond to a subtype of C fibers terminus with free ending
characterized by a low mechanical threshold. They are supposed to encode for pleasant sensation induced by caress. They
moderately adapt to stimulus and have short receptive field. Putative mechanosensitive (MS) ion channels expressed in the
different tactile receptors are indicated accordingly to preliminary data and summarize present hypothesis under evaluation.
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Mechanoreception

11
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2. Overview on mechanoreception, mechanotransduction,
mechanoreceptors
3. Mechanosensitive channels from E. coli
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mechanotransduction during morphogenesis
5. Mechanosensitive channels in the spider sensilla
6. TRP channels
7. Mechanotransduction in the ear
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Mechanoreception and Signal Transduction
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Principles of Mechanotransduction
The transduction channel mechanically links, via intracellular and extracellular anchors, the cytoskeleton with
extracellular structures which mediate the signals
arriving from the exterior. The transduction channel
responds to mechanical tension/pressure changes of this
anchor system, which result from the relative deflections
of the extra- vs. the intracellular anchor points.

Adaptation
The system of monitoring relative changes makes it
possible to adapt to a permanent exposure of constant
signal input. For example, the vestibular apparatus of the
ear has to cope with the gravitation force of 1 g which it
has to subtract from the total signal input, whilst being
able to detect force differences of one millionth of this.

Transduction Channel and Anchor Molecules
A well-known example are the mechanoreceptors of C.
elegans and Drosophila, where α- und β-tubulins as well
as ion channels of the protein family of the degenerins
(DEG) and epithelial Na+ channels (ENaCs) and acidsensing ion channels (ASICs) play a crucial role.
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Mechanoreception

13

Origins and Implications of Mechanoreception
(according to Hamill & Martinac, 2001)

The first mechanosensitive processes may have evolved as backup mechanisms for
cell protection. For example, a large nonselective membrane pore activated by osmotic
swelling will release the cell’s contents and thereby reduce intracellular pressure and
membrane tension. Similarly, tension-sensitive fusion of intracellular membrane vesicles
with the cell membrane will act to reduce bilayer tension. These basic mechanisms of
mechanically gated channels and mechanosensitive exocytosis may have been
subsequently refined to participate in cell signalling. For example, mechanically gated
channels and/or mechanosensitive transmitter release are implicated in a myriad of
physiological processes, including (1) touch and pain sensation, (2) hearing and
vestibular function, (3) blood pressure control, (4) salt and fluid balance, (5)
micturition (discharge of urine), (6) tissue growth, (7) cell volume regulation, and (8)
turgor pressure control. Furthermore, abnormalities in these mechanisms may
contribute to (i) neuronal and muscular degeneration, (ii) cardiac arrhythmia, (iii)
hypertension, (iv) arteriosclerosis, and (v) glaucoma.
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Mechanoreception in the Skin (Recapitulation)
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The sensors or receptors of non-hairy skin comprises the Vater-Pacini lamellar
corpuscules, Meissner's touch corpuscules, intraepithelial nerve endings,
corpuscules of Ruffini as well as Krause endbulbs (from left to right).
Ruffini corpuscules
Free nerve endings
Krause endbulbs
Meissner’s
corpuscules

General structure of human skin:
(1) epidermis, (2) dermis, (3) subcutis, (4) hair follicle, (5) sebaceous
gland, (6) sweat gland.
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Mechanoreception in the Skin (Recapitulation)
The Vater-Pacini corpuscules are oval bodies. They
are the largest lamellar corpuscules among the
nervous end organs. Due to their high sensibility
the corpuscules are able to perceive the smallest
vibrations. They are pressure and tension receptors
as well as vibration and shock receptors. The
Pacinian receptors are furthermore excited by
deformation, pressure or decompression, if pressure
persists, they turn off. They are up to 4 millimeters in
length and have an average size of approximately 2
mm. Their structure is onion-like. On average, there
are 20-40 layered lamellae which are separated
by interstitial fluid space.

15

The sensors or receptors of non-hairy skin comprises the Vater-Pacini lamellar
corpuscules, Meissner's touch corpuscules, intraepithelial nerve endings,
corpuscules of Ruffini as well as Krause endbulbs (from left to right).
Ruffini corpuscules
Free nerve endings
Krause endbulbs
Meissner’s
corpuscules

Meissner's touch corpuscules or touch discs are
receptors for touch. They are found below the
epidermis in the hairless skin of the papilla and are
long oval, cone-like touch corpuscules in the corium.
They consist of obliquely piled up sensory cells and
helical markless nervous fibres.
Intraepithelial nerve endings are sensitive nerve
fibres in the skin which release perceptions of
warmth, cold, pain, touch and pressure.
The corpuscules of Ruffini are found in the corium
and in the subcutis, are made up of extended nets of
markless nerve fibres which are 0.25 - 1.5 mm in
length and are thought to be receptors for expansion.
Krause end bulbs are bulb-like mechanoreceptors
with tangled, winding axons surrounded by a capsule.
They mostly occur in the mucous membrane of the
mouth and the tongue.
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Diversity of Somatosensory Neurons in the Skin (Recapitulation)

16

Diversity of somatosensenory neurons in the skin. The skin is innervated by somatosensory neurons that project
to the spinal cord. Aβ-fibres, such as those that innervate Merkel cells and those around hair shafts, are though
to be touch receptors. Aδ-fibres and C-fibres include thermoreceptors and nociceptors. Aδ-fibres terminate in the
dermis. Peptidergic and non-peptidergic C-fibres terminate in different epidermal layers59 and have different
projection patterns to the spinal cord.

Lumpkin & Caterina, Nature 445:858-865, 2007
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Adherens Junctions; Desmosomes

17

Fuchs E, Raghavan S, Nat Rev 2002; 3: 199-209

Simplified models of a) an adherens junction and b) a desmosome, which highlight some of the main
protein–protein interactions found in these structures. Adherens junctions and desmosomes mediate cell–cell
contact between all cells of the epidermis and are present in all metabolically active cell layers. The adherens
junctions form a bridge between the actin cytoskeleton of neighbouring cells. By contrast, desmosomes
associate with the keratin filament cytoskeleton of cells. Keratin IF, keratin intermediate filaments; p120ctn,
adherens junction protein p120; VASP, vasodilator-stimulated phosphoprotein.
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Hemidesmosomes
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Fuchs E, Raghavan S, Nat Rev 2002; 3: 199-209

This structure is based on biochemical and
molecular evidence of protein–protein
interactions in the hemidesmosome. α6β4integrin heterodimers form the core of the
hemidesmosome, along with BPAG2, a
transmembrane protein with an extracellular
domain similar to collagens. BPAG1e and
plectin are two hemidesmosomal proteins
that are members of the plakin family of
coiled-coil proteins. These two proteins have
intermediate (keratin) filament-binding
domains on their non-helical carboxyterminal (C) segments. They concentrate on
the inner plate of the hemidesmosome, and
seem to function by linking the keratin
intermediate filament cytoskeleton to the
transmembrane proteins in the hemidesmosome. BPAG1e, bullous pemphigoid
antigen 1, epidermal isoform; BPAG2,
bullous pemphigoid antigen 2.
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Activation of Transduction Channels

19

Sound waves induce vibrations at the basilar membrane. Since the hair cells are connected,
via their stereocilia, with the tectorial membrane, oscillations of the basilar membrane lead to
deflections of the stereocilia, which in turn triggers the activation of the transduction channels.
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Mechanotransduction
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A Central Role for Mechanoreceptive Processes
(according to Hamill & Martinac, 2001)

Multicellular organisms require specific mechanosensitive mechanisms that constantly
adjust their position in response to gravity. Furthermore, specific cells, depending on
their location within an organism and association with ancillary structures, may be
selectively exposed to specific forms of mechanical stimuli, including steady
indentations, high-frequency vibrations, osmotic pressure gradients, and hemodynamic pressure and fluid shear stresses. All external stimuli act on top of a
dynamic background of various internally generated forces (e.g., arising from hydrostatic pressure, cytoskeletal polymerization, and molecular motors) that are important in
determining cell shape, growth, mobility, and adhesion. To monitor and respond
selectively to these different forces, multiple parallel signalling pathways are required,
with each pathway designed to extract specific information regarding the “relevant
stimulus” while filtering out irrelevant stimuli.
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Mechanotransduction

21

Basic Requirement for Mechanosensitivity
(according to Hamill & Martinac, 2001)

For a membrane protein to be directly mechanosensitive, it must be sensitive to a
membrane property that changes with mechanical deformation. For the specific case
of a simple two-state channel, a shift in the equilibrium between closed and open
channel conformations may be caused by changes in bilayer tension, thickness, or
local curvature or by direct “tugging” on the protein by cytoskeletal or extracellular
tethers. Therefore, a fundamental issue in mechanotransduction is the identification of the
membrane parameters that actually confer mechanosensitivity on the membrane protein or
process.
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Mechanosensitive Cells

22

M. Chalfie. Nat Rev Mol Cell Biol 2009;10:43-52
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Mechanosensitive Cells

23

M. Chalfie. Nat Rev Mol Cell Biol 2009;10:43-52

A gallery of mechanosensitive cells
A | The touch receptor neurons (red), the ciliated ASH neurons (green) and
the CEP neurons (blue) of Caenorhabditis elegans. Enlargements show
(clockwise from the top): the ciliated ending of an ASH cell in the amphid at
the nose of the animal, a cross-section of an ALM receptor for gentle touch
showing ist prominent bundle of microtubules and extracellular matrix (dark
grey), and the ciliated ending of a CEP neuron and ist association with the
cuticle (grey).
B | The chordotonal organ (top left panel), the external bristle (top right
panel) and a multidendritic cell (bottom panel) of Drosophila melanogaster.
The sensory neuron is shown in red.
C | The inner (red) and outer (blue) hair cells of the auditory system, in the
organ of Corti (Ca) and in the sacculus (Cb); the hair cells of the vestibular
apparatus (Cc) and various cells and sensory organs in the skin (Merkel cells
(blue) and Merkel disks (red); the palisade endings (Cd); the Meissner-like
corpuscles, the Pacinian-like corpuscles and intraepidermal endings (Ce);
and lanceolatae endings in mammals (Cf).
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Mechanotransduction
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As seen in a wider context:

“Mechanotransduction - A field pulling together?”
(according to C.S. Chen, J Cell Sci 2008)

Mechanical stresses are ever present in the cellular environment, whether through
external forces that are applied to tissues or endogenous forces that are generated
within the active cytoskeleton. Despite the wide array of studies demonstrating
that such (mechanical) forces affect cellular signaling and function, it remains
unclear whether mechanotransduction in different contexts shares common
mechanisms. The author discusses possible mechanisms by which applied forces,
cell-generated forces and changes in substrate mechanics could exert changes in
cell function through common mechanotransduction machinery.
Do different mechanical contexts – applied forces, cell-generated forces and stiffness
sensing – exert changes in cell function through common mechanotransduction
mechanisms?
What is known about how forces are generated and experienced by cells?
What are some of the mechanisms of mechanotransduction that are being examined?

21/03/2013

Cellular Signalling - FS 2013 - Lecture 15

24

Mechanotransduction

25

C.S.Chen, J Cell Sci 2008;121:3285-3292

Application of force to a cell
(A) Cells can be exposed to multiple
types of forces, such as shear forces
through fluid flow over the cell, tensile
forces acting through the ECM, and
cytoskeletally generated contractile
forces. Depicted is a single cell
attached to a complex ECM (illustrated as a multicolored fabric).
(B) Close-up of a focal adhesion
showing the balance of external and
internal forces (Fext and Fcell, respectively) in driving stress at a mechanosensor. Depicted are actin stress
fibers (red) anchored into focal
adhesions (multicolored array of
proteins) that bind to the ECM (blue)
through integrins (brown).
(C) This balance of forces provides
the stress necessary for mechanical
sensing.
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Mechanotransduction

27

C.S.Chen, J Cell Sci 2008;121:3285-3292

Effects of stress on a cell
(A) Focal adhesion that
experiences stress from a
cell-generated contractile
force (Fcell) pulling against
an ECM (blue).
(B) Stress generated in the
focal adhesion (sensor)
depends on both the cellgenerated force (Fcell) and
the stiffness of the ECM.
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Molecular Connectivity from the ECM to the Nucleus

28

N. Wang et al. Nat Rev Mol Cell Biol 2009;10:75-82
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Molecular Connectivity from the ECM to the Nucleus

29

A local force applied to integrins through the extracellular matrix (ECM) is concentrated at focal adhesions and
channelled to filamentous (F)-actin, which is bundled by α-actinin and made tense by myosin II, which generates
prestress. F-actins are connected to microtubules (MTs) through actin-crosslinking factor 7 (ACF7), and to intermediate filaments (IFs) through plectin 1. Plectin 1 also connects IFs with MTs and IFs with nesprin 3 on the
outer nuclear membrane. Nesprin 1 and nesprin 2 connect F-actin to the inner nuclear membrane protein SUN1;
nesprin 3 connects plectin 1 to SUN1 and SUN2. Owing to cytoplasmic viscoelasticity, force propagation from the
ECM to the nucleus might take up to ~1 ms. The SUN proteins connect to the lamins that form the lamina and
nuclear scaffold, which attaches to chromatin and DNA (for example, through matrix attachment regions
(MARs)). Nuclear actin and myosin102 (and nuclear Titin) might help to form the nuclear scaffold, control gene
positioning and regulate nuclear prestress. The force channelled into the nuclear scaffold might directly affect
gene activation within milliseconds of surface deformation. By contrast, it takes seconds for growth factors to
alter nuclear functions by eliciting chemical cascades of signalling, which are mediated by motor-based
translocation or chemical diffusion. LINC, linker of nucleoskeleton and cytoskeleton; rRNA, ribosomal RNA.
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Mechanotransduction
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D.E. Jaalouk et al. Nat Rev Mol Cell Biol 2009;10:63-73

21/03/2013

Cellular Signalling - FS 2013 - Lecture 15

30

Mechanotransduction

31

Several biological components, not mutually exclusive, have been proposed to act as cellular mechanosensors and
are schematically depicted in a representative cell. Note that most of these features can be found in many cell types,
although some (for example, changes in intercellular space) might only be relevant in a subset of cells. a | Stretchactivated ion channels in the plasma membrane open in response to membrane strain and allow the influx of calcium
and other ions. b | In endothelial cells, the glycocalix, a layer of carbohydrate-rich proteins on the cell surface, can
mediate mechanotransduction signalling in response to fluid shear stress. c,d | Cell–cell junctional receptors or
extracellular matrix (ECM)–cell focal adhesions allow cells to probe their environments. e | Force-induced unfolding
of ECM proteins, such as fibronectin, can initiate mechanotransduction signalling outside the cell. f | Intracellular
strain can induce conformational changes in cytoskeletal elements such as filaments, crosslinkers or motor proteins,
thereby changing binding affinities to specific molecules and activating signalling pathways. g | The nucleus itself has
been proposed to act as a mechanosensor. Intracellular deformations can alter chromatin conformation and
modulate access to transcription factors or transcriptional machinery. However, direct evidence for this mechanism is
still lacking. h | Compression of the intercellular space can alter the effective concentration of autocrine and
paracrine signalling molecules. Additionally, changes in G protein-coupled receptors, lipid fluidity and even
mitochondrial activity have been proposed as mechanosensors. Generally, almost all cells respond to mechanical
stimulation with adaptive changes in cell function. These changes include short-term responses (such as increases
(or decreases) in intracellular tension, adhesion, spreading or migration) as well as changes in long-term effects
(such as in protein synthesis and secretion, structural reorganization, proliferation and viability). These effects are
often mediated through multiple, overlapping and crosstalking signalling pathways.	
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Mechanotransduction during Endothelial Cell Migration

32

The application of mechanical shear can be sensed by cell
membrane and primary cilia. This mechanical force is transmitted throughout the cell to its adhesions and the underlying structure. Shear can induce directional migration of
endothelial cells by the protrusion and the formation of focal
adhesions at the front edge of the cell, in the direction flow.
At the rear edge, disassembly of focal adhesion occurs.
These changes contribute to directional migration through
multiple signaling molecules and structural components
including microtubules, RAC, actin and integrin complex.
Microtubule elongation occurs at the front activating RAC to
induce actin polymerization and projection of the cell
forward. In addition, it recruits and activates in integrins
forming new focal adhesions. At the rear, the microtubules
shorten and activate the Rho-p160ROCK pathway inducing
contraction to detach the focal adhesions. In addition, a
shear induced Ca2+ wave can be initiated to enhance the
function of p160ROCK and the contraction. The polycystin
heterocomplex is a mechano-sensitive channel activation
located in primary cilia and in adherens junctions. The
mechanical force of shear induces conformational change in
the microtubule-polycystins complex, activating the polycystin-2 calcium channel and inducing an inward Ca2+ gradient that may regulate the cells response. The polycystin
complex is also found on the plasma membrane, can interact with the adherens junction proteins α-, β-catenin and Ecadherin and may contribute to cellular focal adhesions. V
vinculin, FAK focal adhesion kinase, E-cadherin, α α-catenin, ß ß-catenin, PC1 polycystin-1, PC2 polycystin-2.
Reference: T.J. Jones, S.M. Nauli. Adv. Exp. Med. Biol. 2012;
740: 1001-1015.
21/03/2013
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Force transmission between the extracellular
matrix and the nucleus
Extracellular forces are transmitted through the extracellular matrix (ECM), which consists of tissue-specific
proteins such as collagen, laminin and fibronectin.
Adhesion complexes at the cell surface physically link the
ECM to the cytoskeleton. For example, focal adhesions,
comprised of integrins, talin, vinculin and other proteins,
connect the ECM to actin filaments. In skeletal muscle,
the dystrophin-associated protein complex links the ECM
to actin filaments. The configuration and binding affinity
of these complexes can be modulated through intra- and
extracellular signalling. Intracellular forces are then
transmitted through the cytoskeletal network (that is,
actin filaments, microtubules and intermediate filaments).
The cytoskeleton is coupled to the nucleus through
nesprins and possibly through other proteins on the outer
nuclear membrane. The giant isoforms of nesprin 1 and
nesprin 2 bind to actin filaments, whereas nesprin 3 can
associate with intermediate filaments through plectin.
Nesprins interact across the luminal space with inner
nuclear membrane proteins (for example, SUN1 and
SUN2) that are retained there by interaction with other
nuclear envelope proteins such as lamins and emerin84.
Nuclear lamins and SUN proteins also bind to nuclear
pore complexes, which could contribute to nuclear
cytoskeletal coupling. Finally, lamins form stable nuclear
structures and can bind to DNA, thus completing the
force transmission between the ECM and the nuclear
interior. Mutations in any of these components, as well as
changes in cellular structure and organization or changes
in the cellular environment, could disturb mechanotransduction signalling and result in altered cellular
function.	

D.E. Jaalouk et al. Nat Rev Mol Cell Biol 2009; 10: 63-73
21/03/2013
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D.E. Jaalouk et al. Nat Rev Mol Cell Biol 2009;10:63-73

Unifying characteristics of mechanotransduction disorders	
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Unifying characteristics of mechanotransduction disorders. Altered cellular mechanotransduction signalling can be caused by
changes in the extracellular environment (for example, variations in the mechanical forces or deformations that are experienced by the
tissue, or changes in extracellular matrix (ECM) composition that affect its stiffness and biochemical properties), the structure and
organization of a cell, or the elements of the mechanotransduction process itself. Changes in cellular structure and organization often
result from inherited or de novo mutations in proteins that are part of the force-generating machinery, the cytoskeletal network or the
nuclear envelope and interior. This category also includes transmembrane proteins that are involved in cell–cell or ECM–cell adhesion.
Abnormal function of these proteins can alter the intracellular force distribution and thus mechanotransduction signalling. By contrast,
defects in the cellular mechanosensors can disturb mechanotransduction signalling even in the case of normal force distribution. Many
proteins can fall into more than one category, as structural proteins can also have mechanosensing capabilities and mechanotransduction signalling can in turn cause changes in cellular structure and organization as well as in the extracellular environment.
Importantly, mechanical activation often initiates multiple signalling pathways at once, and these can have significant overlap and
crosstalk, making it difficult to study specific pathways. Several of the signalling pathways are often shared with ‘classical’ receptormediated pathways. For example, the mitogen-activated protein kinase (MAPK) pathway can be turned on by mechanical strain as well
as by receptor-linked tyrosine kinases (for example, by the epidermal growth-factor receptor). Ultimately, excessive and prolonged
disturbances in normal mechanotransduction signalling can result in disease conditions. NF-κB, nuclear factor-κB.	
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D.E. Jaalouk et al. Nat Rev Mol Cell Biol 2009;10:63-73

Cardiac mechanotransduction signalling
Cardiac myocytes respond to altered haemodynamics
by activating multiple intracellular signalling pathways
that are implicated in the maintenance and regulation
of cardiac myocyte function. Mechanical loading can
be sensed by cardiomyocytes through a diverse group
of membraneanchored mechanosensors including
stretch-activated ion channels, cell-membrane
spanning G-protein-coupled receptors, growth-factor
receptors and integrins. This mechanical sensation is
then converted to biochemical signals by triggering the
multi-step activation of down-stream partners in an
array of signalling cascades in the cytoplasm. The
highlights of such cascades include the three modules
of the mitogen-activated protein kinase (MAPK) family
underscored by the activation of Ras, the Janusactivated kinase (JAK)–signal transducer and activator
of transcription (STAT) pathway, Rac activation,
calcium (Ca2+) and nitric oxide (NO) signalling. The
convergence of these pathways results in the
activation of select transcription factors including
nuclear factor-κB (NF-κB) and nuclear factor of
activated T cells (NFAT), which then translocate to the
nucleus and modulate the expression of a panel of
mechanosensitive genes including Egr1 and Iex1.
Ultimately, the net sum of gene-expression
reprogramming in cardiomyocytes dictates the
functional response of a cell to mechanical stress.	
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Mechanical forces on the vessel wall
A section of an artery wall shows the
endothelial cells that form the inner lining
and align longitudinally, and vascular
smooth muscle cells that form the outer
layers and align circumferentially.
Pressure (p) is normal to the vessel wall,
which results in circumferential stretching
of the vessel wall. Shear stress (τ) is
parallel to the vessel wall and is exerted
longitudinally in the direction of blood flow.	

C. Hahn et al. Nat Rev Mol Cell Biol 2009;10:53-62
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C. Hahn et al. Nat Rev Mol Cell Biol 2009;10:53-62

Endothelial mechanotransducers
a | The upper surface of the endothelium has a carbohydrate-rich glycocalyx that extends 0.4–0.5 micrometres
into the vessel lumen. A fraction of cells in regions of low
shear also have a luminal primary cilium that is several
micrometres long. G-protein-coupled receptors (GPCRs),
heterotrimeric G proteins and ion channels might also
reside in the upper plasma membrane. Cells also have ATP
channels and/or cell surface ATP synthase. The lateral cell
membrane contains the homophilic adhesion receptors
platelet/endothelial cell-adhesion molecule 1 (PECAM1)
and vascular endothelial (VE)-cadherin, which bind to their
counterparts on adjacent cells. Vascular endothelial growth
factor receptor (VEGFR) associates laterally with VEcadherin in these domains. The cortical actin cytoskeleton,
actin stress fibres, microtubules and intermediate filaments
(not shown) mechanically connect different regions of the
cell. Integrin-dependent complexes anchor the cell to the
basement membrane.
b | Under fluid shear stress, the glycocalyx experiences
drag that is transmitted to the cortical cytoskeleton. The
cilium is deflected by flow and bends relative to the apical
membrane or cytoskeleton. Both ATP release and its transport near the cell surface are modified by flow. Tension is
transmitted to the lateral borders and basal membrane,
where adhesion receptors, such as PECAM1 or integrins,
experience changes in tension. Changes in fluidity of the
apical membrane have been observed and might activate K
+ channels, GPCRs or G proteins.	
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D.E. Jaalouk et al. Nat Rev Mol Cell Biol 2009;10:63-73

Schematic representation of how increased extracellular
matrix (ECM) stiffness and altered cytoskeletal tension can
contribute to tumour formation. Increased ECM stiffness can
arise from fibrosis or in response to increased cytoskeletal
tension, caused, for examples, by oncogene (Ras)-driven
extracellular-signal-regulated kinase (ERK) activation. The
increased ECM stiffness is sensed by focal adhesions and
activates integrins and focal adhesion kinase, thereby
promoting focal adhesion assembly and stimulating the Rho–
ROCK (Rho kinase) pathway. ROCK activation increases
cytoskeletal tension by increasing myosin light chain (MLC)
phosphorylation, which can result in further increases in ECM
stiffness due to cellular mechanotrans-duction signalling,
completing a self-enforcing (positive) feedback loop. Crosstalk
between the Rho–ROCK pathway and the epidermal growthfactor receptor (EGFR)–Ras–ERK pathway, as well as
modulation of growth-factor-dependent ERK activation by
integrins, results in increased proliferation. ERK activation can
also increase cytoskeletal tension through ROCK, further
complementing the crosstalk between cytoskeletal tension
and proliferative pathways. In breast cancer cells, the
combined action of increased contractility and proliferation,
triggered by increased ECM stiffness, may drive the
undifferentiated and proliferative phenotype of mammary
epithelial cancer cells and result in tumour formation.
Decreasing Rho-mediated cytoskeletal contractility or ERK
activity is sufficient to revert EGFR-transformed cells that form
disorganized and invasive colonies into phenotypically normal
cells that form polarized and growth-arrested acini in threedimensional culture.	


21/03/2013

Cellular Signalling - FS 2013 - Lecture 15

40

Mechanoreception

41

Contents
1. Introduction
2. Overview on mechanoreception, mechanotransduction,
mechanoreceptors
3. Mechanosensitive channels from E. coli
Examples:
MscL
MscS
4. Mechanosensitive receptors in animal cells
Examples:
oocyte membranes
touch neurons in C. elegans
mechanotransduction during morphogenesis
5. Mechanosensitive channels in the spider sensilla
6. TRP channels
7. Mechanotransduction in the ear
8. Literature

21/03/2013

Cellular Signalling - FS 2013 - Lecture 15

41

Mechanically Gated Channels

42

A list with examples of mechanically gated and putative mechanically gated channels with details regarding
their biophysics, structure, and favored gating mechanisms

* Mechanosensitivity has been reported for αβγ-epithelial Na+ channel (ENaC) reconstituted in bilayers but not in cells.
† Evidence for the mechanism is less compelling than liposome reconstitution. MG, mechanically gated; MS, mechanosensitive.	
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In E. coli, three types of mechanically gated channels (Mechanosensitive channels, Msc) have been identified:
- MscM

M for mini

- MscS

S for small

- MscL

L for large

Patch-clamp recordings
using giant spheroplasts
or liposomes:

The geometry of the patch at pressure gradients of 0 (A), 20 (B),
42 (C), and 52 (D) mm Hg, imaged simultaneously with the
current recording shown on the right. (A) At zero pressure, the
patch membrane (*) was practically flat. As the pressure gradient
increased, the radius of curvature decreased and the geometry
became stable beyond 40 mmHg. A and B show a fragment of
membrane located toward the tip, but not bearing tension as
shown by the opposite curvature. The vertical striped bars located
on the left side of the images are analogue data records multiplexed onto the video signal. Scale bar, 10 µm.

	


S. Sukharev et al. J. Gen. Physiol. 2001; 113: 525-540
21/03/2013

The current (top) activated in a multichannel patch by increasing suction (bottom). The highest suction reached in this experiment was 54 mm Hg, at which point the patch ruptured (vertical
current spike at the right margin). The patch conductance
derived from this trace was corrected for the series pipette
resistance Rs and the MscL open probability was then plotted
against pressure (inset). The labels on the current trace
correspond to the images shown on the left.
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MscS Channels (E. coli)

44

Activity and structure of MscS from E. coli
(a) MscS channel activity has been extensively
studied in giant spheroplasts of E. coli. A bacterial cell
in the presence of the antibiotic cephalexin fails to
septate and grows into a long filament (snake), which
when treated with EDTA and lysozyme transforms into
a giant spheroplast of 5-10 µm in diameter that is
amenable to patch-clamp experiments (left). Activities
of up to five MscS channels (~1 nS) recorded from a
patch of a giant spheroplast (right). Channels opened
upon suction applied (on) to the patch-clamp pipette
and closed when suction was released (off).

(b) MscS homoheptamer (left) and monomer (right) shown from the side based on the crystal structure viewed with PyMOL.
Residues 27-280 were resolved. Secondary structural domains and the position of the TM3 transmembrane helix are indicated in
the diagram of the monomer. A conserved region of glycine and alanine residues in the pore-lining transmembrane helix TM3 is red.
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The pore structure of the MscS channel in the open and closed states
The illustration shows how the tilting and rotation of the pore-lining TM3 helices could open and close the channel.
21/03/2013
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Activation of MscL by negative pressure
applied to the patch-clamp pipette
A: Current traces of the reconstituted recombinant
6xHis-MscL recorded from an isolated liposome patch
at various negative pressures applied to a patch
pipette. Trace is a ~100-s-long recording at a pipette
potential of +30 mV. C denotes the closed state, and
On denotes the open state of n number of channels.
Nine channels were active in the patch shown.
B: Boltzmann distribution function calculated for a
single MscL shown in A. The function relates
negative pressure (suction) and open channel probability (Po). Boltzmann distribution for a single MS
channel has a form Po/(1 - Po) = exp [α(p - p1/2)],
where p is the applied negative pressure, p1/2 is the
suction at which the channel is open 50% of the time
(Po = 0.5), and α is the slope of the plot ln [Po/(1 Po)]. The Boltzmann function is very often described
in the mechanosensitive channel literature in terms of
p1/2 and α. For the 6xHis-MscL in the particular
recording shown in A, p1/2 was estimated to be ~77
mmHg, whereas the sensitivity to pressure 1/α was
~5 mmHg for e-fold change in Po, which corresponds
to ΔGo ~ 15 kT. Overall, Go for the recombinant
6xHis-MscL was estimated to be 17.0 ± 1.5 kT (SE;
n = 4).
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Structure of MscL

Structure of MscL monomer (left) containing 136 AA
with a MW of ~15 kDa

21/03/2013
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Structure of the MscL multimer (right), currently thought
to be a pentamer
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Current models of the MscL channel. The top panels depict the crystal structure obtained for MscL-Tb, as observed across the
plane of the membrane, with the approximate locations of the membrane shown as horizontal lines (left) or from the periplasmic side
of the membrane (right); note the black arrow in the latter near the green subunit which describes the corkscrew movement of TM1
that is predicted to occur early in the gating process. In the top center, a single subunit is shown in isolation to better show the
domains: S1 is the N-terminal amphipathic helix that lies along the cytoplasmic membrane, TM1 and TM2 are the transmembrane
domains, Peri Loop is the periplasmic loop connecting them, and Cyto Helix is the cytoplasmic helical bundle. The bottom panels
show a model for the positions of the transmembrane domains in the open structure, as derived from EPR and other studies and as
indicated in the text. Note the tilting of these domains within the membrane.
Booth & Blount., J. Bacteriol.., 2012	
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Gating transition in the mechanosensitive channel MscL. The model of Escherichia coli MscL built by homology to the crystal
structure of Mycobacterium tuberculosis MscL (TbMscL) is shown as a resting closed conformation. The main hydrophobic gate
formed by M1 helices (yellow) is tightly closed. Membrane tension, which acts predominantly at the ends of transmembrane helices,
expands the barrel in an iris-like manner. Hydration of the central part of the pore leads to a pre-expanded low conducting
conformation. Subsequent breakdown of the putative N-terminal gate (S1, red) leads to full opening of the channel. Cytoplasmic
domains (purple) remain associated in all conformations, making a pre-filter. Water-filled volume in the pore is shown with blue
surface.
Sukharev et al., TRENDS Neurosci., 2004	
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Evolutionary aspects of mechanically gated channels
A: Universal phylogenetic tree based
on small subunit rRNA sequences.
Representative organisms in each of the
three domains with documented mechanically gated channel activities are
shown.
B: Family of prokaryotic mechanically gatetd channels represented by the
phylogenetic tree of aligned sequences
of MJ0170 and MscL homologs. The
homologs are clustered into three main
branches based on their sequence
similarity, suggesting that the common
ancestor of all prokaryotic mechanically
gated channels resembled MscL. The
mscL-like gene duplication was most
likely followed by subsequent gene
divergence similar to the evolution of
voltage-gated ion channels.
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Rapid activation of mechanically
gated (MG) channel currents in cellattached membrane patches on
Xenopus oocytes
Top trace: The waveform of a suction step
(~15 mm Hg) applied to the patch pipette.
The crosses on the rising phase indicate the
time delay in reaching 5 mm Hg (1.5 ms) and
10 mm Hg (4 ms), which represents the range
of minimal suctions required to activate the
Xenopus mechanically gated channels with
standard size patch pipettes (i.e. ~2 µm
internal tip diameter).
Middle trace: A membrane patch in which
5 mechanically gated channels were activated by the suction step.
Bottom trace: Another pipette slightly larger in
tip diameter (i.e. ~3 µm) in which over
20 mechanically gated channels were activated. The estimated latency for first channel
activation varied between 0.5 and 2.5 ms. 	
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High-resolution video images of a cellattached oocyte membrane patch and
membrane currents activated during
brief steps of pressure and suction
A and B: Video images of a membrane patch
before (0 ms), during (50 ms), and after (250 ms)
steps (i.e. of 100 ms duration) of suction (A) and
pressure (B).
C and D: The membrane patch currents recorded in the same patch imaged in A and B in
response to the suction and pressure steps. The
pipette tip (not visible) had a tip diameter of 4 µm,
and the patch was located ~20 µm from the tip. 	
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After adaptation, mechanically gated
(MG) channel activity in oocyte membrane patches can be reactivated by
increase in suction or pressure
A: Mechanically gated channel activity in
response to an initial 8-mm Hg suction step
completely adapted but could be reactivated
by a 16-mm Hg suction step. Pipette solution
contained (in mM) 100 KCl, 2 CaCl2, and
10 HEPES, with a patch potential of 100 mV.
B: Mechanically gated channel activity in
another patch completely adapted to a 10mm HG pressure but could be reactivated by
an increase to 20 mm Hg. Pipette solution
contained (in mM) 100 KCl, 10 EGTA, and
10 HEPES, with a patch potential of 130 mV.
Note a larger tip pipette was used in A (~4 µm)
than in B (~2 µm). This accounts for the
difference in peak currents. 	
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In vivo recording from wild-type C. elegans
touch neurons
(a) Diagram of the preparation used to record
from PLM neurons in vivo. A stimulus probe is
positioned near the PLM neuron. Anterior is
left, ventral is up.
(b) Fluorescent micrographs of a dissected,
GFP-expressing PLM neuron in the on-cell
(top) and whole-cell (bottom) recording
configurations overlaid on a DIC image of the
same preparation. The PLM cell body and
anterior neurite (green channel) remain intact
and in place in both recording configurations.
The recording pipette contains sulfo-rhodamine
101 (red channel), which fills the PLM neurite
after whole-cell access is obtained (bottom).
(c) 'On' and 'off' responses to force steps in
PLM cells. MRP (middle) and MRC (bottom)
were recorded from a single PLM cell in
response to a force pulse (top). Traces are the
average of 32 sweeps.
(d) Response latency for the generation of
MRCs as a function of applied force. Only the
latency for the 'on' response is plotted. Each
symbol corresponds to a different recording (n
= 6 cells); the smooth line is a single
exponential function fit to the data.
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Models of the supramolecular complexes proposed to underlie MG channel activation in the
touch-sensitive neurons of C. elegans and
A. domesticus (house fly)
A: Individual molecular components identifed in touchinsensitive C. elegans mutants. The uppermost structure in
each panel represents the mantle (sheath) that requires the
presence of MEC-1 (unidentified) and MEC-5 (a unique
collagen). MEC-9 is also an extracellular protein but does not
form the mantle. Instead, it is proposed to form the
extracellular link (i.e., gating spring) between the mechanically gated channel and the mantle. Here the mechanically
gated channel is formed from five subunits involving the
membrane proteins MEC-4, MEC-10, and MEC-6. MEC-2 is
also an integral membrane protein that shows strong
homology to stomatin, a red blood cell protein that binds to
the cytoskeleton and regulates cation conductance. In this
model MEC-2 is proposed to connect the gechanically gated
channel to the microtubules composed of - and -tubulin and
encoded by mec-12 and mec-7 , respectively. The proposed
shearing force (arrow) on the mantle results in opening of the
mechanically gated channel.
B: Schematized version of microtubule-membrane complex
visualized by electron microscopy of the fly campaniform
sensilla. Cone-shaped membrane bridges ~18 nm long are
connected at their tips with microtubules that are embedded
in an amorphous material. In this model, each conemembrane complex is proposed to represent a single
mechanically gated channel unit, and the indentation of the
neuronal dendrite compresses this structure, thereby
activating mechanically gated channels. 	
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A mechanotransducing complex in C. elegans touch receptor neurons. In the absence of mechanical stimulation, the
channel is closed, and therefore, the sensory neuron is idle. Application of a mechanical force to the body of the
animal results in distortion of a network of interacting molecules that opens the degenerin channel. Na+ influx
depolarizes the neuron initiating the preceptory integration of the stimulus.
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The integration of multiple forces, mechanotransduction pathways and cellular adaptation during morphogenesis
(A) The four main forces exerted on the three epidermal
cell rows in C. elegans embryos are symbolized with different arrows. Red arrows, active contractile forces; blue
arrows, resisting or static forces. (A’) The force exerted by
contracting muscles induces the strengthening of hemidesmosomes through a mechanotransduction pathway
involving a GIT-1–β-PIX–PAK1 module. IF, intermediate
filaments. (A”) The epidermal cell shape changes induced
by muscle contraction trigger additional subcellular
changes, some of which are hypothetical (question marks).
(B) Three forces are present during germband extension in
Drosophila embryos. Germband (blue) and mesodermal
cells (yellow) undergo polarized and non-polarized apical
constriction, respectively (red thin arrows), at about the
same time. Mesoderm invagination impacts on germband
extension. (B’) During constriction, mesodermal cells
experience cycles of contraction and stabilization; the
contraction phase probably triggers several physical
changes, mostly hypothetical (question marks). In A’ and
B’ changes in dimension are symbolized by the dimension
L, l and h at time t0 and after a pulse (+δL or -δL).
Ref.
21/03/2013

H. Zhang, M. Labouesse, J. Cell Sci. 2012, 125: 3039-3049
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The VS-3 organ receives peripheral synaptic contacts

A: Schematic diagram showing the distribution of efferent endings surrounding a pair of neurons innervating one slit. Several fine fibers
run parallel to the bipolar neurons and form numerous synapses onto their initial axon segments, somata, and dendrites, as well as onto
surrounding glial cells and with each other. At least three types of efferent fibers show immunoreactivity to GABA, and at least one
efferent fiber shows immunoreactivity to glutamate.
B: Immunofluorescent labeling of VS-3 neurons with a monoclonal antibody against the vesicle protein synapsin. Immunoreactive puncta
are linearly arranged and distributed across all neuronal segments, dendrites (right), somata (center), and initial axon segments (left).
Asterisk: dendrite tips extending towards the slit region. Patchy fluorescence inside somata is due to autofluorescence of lipofuscin
deposits.
C: Electron micrograph of a fine efferent fiber (center) synapsing onto the soma of a sensory neuron; arrows: electron-dense active zone.	
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Anatomy and basic electrophysiological
responses of lyriform slit sense organ
VS-3
A: External cuticular features; the scanning electron micrograph shows eight cuticular slits. Sockets
of plucked sensory hairs surround the lyriform
organ.
B: Inside view of a methylene blue-stained VS-3
organ reveals pairs of fusiform neuronal somata
and their dendrites extending towards the slit region
(asterisk, upper right). The smaller globular cells are
hemocytes and pigment cells attached to the hypodermis.
C: Schematized cross-section through a single slit
and its associated pair of mechanosensory dendrites. Only the distal dendritic regions are shown; the
neuronal somata lie further proximally.
Abbreviations: om, outer membrane; cc, coupling
cylinder; d1 and d2, dendrites; ds, dendritic sheath;
exo, exocuticle, im inner membrane, meso
mesocuticle, sc glial sheath cells.
D: Responses to step mechanical stimuli of
increasing amplitude (bottom traces) in a type A
neuron (left) and a type B neuron (right);
intracellular recordings. Small mechanical stimuli
produced a graded, depolarizing receptor potential
(rp, blue) and only one action potential (green), but
larger stimulus amplitudes (>3 lm; red) revealed the
difference in adaptation behavior between the two
neurons.	
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Ionic selectivity and
blockade of the mechanically activated ion
channels in VS-3
neurons observed by
intracellular recording

A: Slit displacement produced a receptor potential in a type A neuron that was detectable at 1 µm and large enough to produce an action
potential at 3 µm (top). Similar displacements under voltage-clamp conditions revealed inward receptor currents flowing through the
mechanically-activated ion channels (middle).
B, C: Receptor current increased as the cell membrane potential was hyperpolarized but failed to reverse at large positive potentials,
indicating that the channels are highly selective for Na+. The solid line is the fitted Goldman-Hodgkin-Katz current equation for Na+.
D: Receptor current was reversibly reduced by the Na+ channel blocker amiloride.	
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• The first gene encoding a transient receptor potential channel (TRP)
was discovered in Drosophila where mutants for that gene exhibited
impaired vision due to the lack of a specific Ca2+ influx pathway into
photoreceptors.
• Because of the electrical phenotype, this gene was called trp from
‘‘transient receptor potential’’.
• Mutations in trp cause the response to light to be transient and result in
a tenfold decrease in the level of light-induced Ca2+ influx.
• The TRP superfamily currently includes 56 related cation channels and
has been recently classified into seven subfamilies.
	


21/03/2013

Cellular Signalling - FS 2013 - Lecture 15

64

Transient Receptor Potential Channels (TRPs)

65

Phylogenetic analysis of
representative vertebrate
(black) and invertebrate
(red) channels of the transient receptor potential
(TRP) channel superfamily
[TRPC classical or canonical, TRPV vanilloid, TRPM
melastatin, TRPN NOMP-C
(no mechanoreceptor potential-C), TRPP polycystin,
TRPML mucolipin, TRPA
ANKTM1 (ankyrin-like with
transmembrane domains
1). The distance scale
represents the evolutionary
distance expressed as the
number of substitutions per
amino acid (Hs Homo
sapiens, Mm Mus musculus, Dr Danio rerio, Dm
Drosophila melanogaster,
Ce Caenorhabditis elegans).
Vriens et al., Pflügers Arch.Eur.J.Physiol., 2004
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Summary of Mammalian TRP Channels (I)

66

(continued on next slide)
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Summary of Mammalian TRP Channels (II)
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Transient Receptor Potential Channels (TRPs)

68

Predicted structural topology of the most representative vertebrate and
invertebrate members of the TRP-related subfamilies. The region of
the six membrane spanning domains is very similar in all members.
Amino acid composition of the pore region localized between 5th and
6th transmembrane spans varies among the TRP superfamily
members, resulting in dramatically different permeation properties.
Structural differences in the N- and C-termini are shown including
several structural motifs. For TRPP, TRPML, TRPN and TRPA the
general structural topologies are represented. For TRPP subfamily
members, note the presence of a large extracellular loop between the
1st and 2nd transmembrane spans. Domains are not drawn to scale and
lengths of the N- and C-termini are approximated (CaM calmodulin,
INaD inactivationno-afterpotential-D)
Vriens et al., Pflügers Arch.- Eur.J.Physiol., 2004	
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TRP Channels Involved in Thermal Transduction

69

Schematic representation of the thermo TRPs that function in temperatures ranging from noxious heat
to noxious cold. Proposed membrane topology and functionally important domains are represented. They
include six putative transmembrane units with a proposed pore region between transmembrane domains 5 and
6. The amino and carboxy termini are cytoplasmic and contain various interaction domains like variable numbers
of ankyrin repeats, TRP box or PDZ binding domains. Various botanical compounds activate the thermoTRPs.
TRPV1 is activated by capsaicin, the pungent ingredient in chilly peppers, whereas TRPM8 is activated by
menthol, the cooling compound from mint. TRPA1 is activated by various pungent compounds like allicin, the
active ingredient in garlic, cinnamaldehyde, the pungent component of cinnamon, and isothiocyanates, the
pungent ingredients found in wasabi.
Dhaka et al., Annu Rev Neurosci 29:135-161, 2006

21/03/2013

Cellular Signalling - FS 2013 - Lecture 15

69

Properties of TRP Channels Involved in Thermal Transduction

70
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Mechanosensory and Thermosensory Transduction Channels

Lumpkin & Caterina,
Nature 445:858-865,
2007

71
21/03/2013

Cellular Signalling - FS 2013 - Lecture 15

71

Mechanoregulation of Cytoskeletal Dynamics

72

Mechanically triggered TRP channel activation
regulates cytoskeletal dynamics.
A: Shear stress by fluid flow physically bends
primary cilia, which leads to activation of TRP
channels. Subsequent Ca2+ influx affects VSMC
cytoskeletal dynamics by inducing the release of
vasodilators such as NO and EDHF.
B and C: Shear stress and force applied directly to
cell–matrix or cell–cell adhesions locally activate
TRP channels by interacting with adhesion molecules, such as integrins. TRP channel-mediated
Ca2+ influx affects cell–matrix and cell–cell adhesion turnover by regulating cytoskeletal contractility, modulating the activity of FAK (cell–matrix)
and activating the Ca2+ dependent protease calpain, which cleaves adhesion plaque molecules.
C and D: Mechanically activated G protein-coupled receptors (GPCRs), such as the angiotensin II
type 1 receptor, can trigger TRP channel opening
through activation of PLC signaling. Subsequent
Ca2+ influx activates the calcineurin/NFAT pathway, leading to changes in transcription of genes
involved in cytoskeletal dynamics.
A.J. Kuipers et al. Eur. J. Cell Biol. 2012; 91: 834-846
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Gating Models of Mechanotransduction Channels

73

a. Stretch-activated ion channels open when forces
(horizontal arrows) in the lipid bilayer change, for
example, owing to alterations in bilayer tension or
curvature.
b. In sensory cells, mechanically gated channels are
proposed to require links to extracellular or
cytoskeletal proteins. Displacements that change the
tension on these links open the channel. These links
could directly transmit force to the channel protein
(as depicted) or could control the membrane forces
around stretch-sensitive channels.
c. Another possibility is that a mechanosensitive
protein regulates ion-channel opening through a
signalling intermediate. Such hypothetical
transduction proteins might require tethers (as
depicted) or might respond to changes in the lipid
bilayer.

Lumpkin & Caterina, Nature 445:858-865, 2007
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Sensory Transduction by Epithelial Cells

74

a. Hair cell of the inner ear. Mechanical deflection of stereocilia opens non-selective cation channels, which
depolarize the cell to increase the rate of glutamate release onto synaptically connected auditory afferents.
b. Taste bud epithelium. Chemical tastants activate a G-protein-coupled receptor–ion channel pathway in a
‘receptor’ epithelial cell, which communicates through paracrine signalling (wavy line) to an adjacent ‘output’
epithelial cell. The output cell releases neurotransmitter onto a synaptically connected taste afferent58.
c. Proposed models for keratinocyte and Merkel cell involvement in cutaneous thermotransduction and
mechanotransduction. Touch activates an unknown transduction mechanism in Merkel cells (blue, left), which are
synaptically connected to cutaneous Aβ afferents. The myelin sheath of the Aβ afferent is lost as it approaches a
Merkel cell. Projections from the Merkel-cell surface represent microvilli. Heat activates TRPV3 and TRPV4 ion
channels (green, right) expressed in keratinocytes. Paracrine signalling from keratinocytes to adjacent afferents
(wavy line) results in neuronal activation. For simplicity, direct thermotransduction and mechanotransduction by
cutaneous afferents are not shown.
Lumpkin & Caterina, Nature 445:858-865, 2007
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TRPV4 Channel

75

Nilius et al., Eur. J. Physiol., 2003
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TRPV4 Channel

76

Nilius et al., Eur. J. Physiol., 2003

Text for previous slide:
Activation of the transient receptor potential-vanilloid channel TRPV4.
A Left: cell swelling activates a cation current in TRPV4-transfected, but not in non-transfected
cells (latter not shown). Dialysing the cells with a pipette solution containing 10 mM BAPTA
prevents activation of the volume-regulated anion current VRAC (latter not shown). Currents,
measured from voltage ramps, were monitored at +80 (circles) and -80 mV (squares). Note the
disappearance of the inwards current when Na+ is replaced by N-methyl-D-glucamine (NMDG+).
A Right: current/voltage (I/V) relationships from the same experiment. The letters a–c (closed
circles) indicate the times at which the I/V curves were measured. Note the shift of the swellingactivated current (b, c) towards positive potentials compared with the current before swelling (a).
B Activation of TRPV4 in inside-out patches by application of 1 M 4α-phorbol 12,13-didecanoate
(4αPDD). This activation was never observed in non-transfected cells. Single channel
conductance is ~60 pS ( 60 mV). Upper panel: NPo as a function of time (N number of channels,
Po single-channel open probability); lower panel: three individual recordings at times
corresponding to the letters a–c in the upper panel.
C Left: time course of the whole-cell current activated by 4αPDD. Currents were measured at +80
(closed circles) and -80 mV (open circles); right: I/V curves at times indicated by the
corresponding letters in the time course (holding potential 0 mV, steps from -100 to +100 mV).
D Upper panel: time course of current activation by heat measured from voltage ramps at +80
(closed circles) and -80 mV (open circles). The uppermost trace shows the temperature. Lower
panel: I/V curves at the times indicated by the letters a and b in the time course. Holding potential
was 0 mV. Ramps were applied from -100 to +100 mV.	
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Structure-Function Scheme of the TRPV4 Channel

77

Nilius et al., Eur. J. Physiol., 2003

Pore: Structural determinants for Ca2+ entry

Regulation by Ca2+:

Inactivation details not known

Activation: phorbol ester, heat, cell swelling

Constitutive activation:

Mutant E797
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TRPV Channels in Nerve Cells

78

W. Liedtke. Ann NY Acad Sci 2008;1144:42-52

Signal transduction in sensory (nerve) cells in response to
odorant (A), osmotic (B), and mechanical (C) stimuli. (A)
The odorant activates the TRPV ion channel via a G
protein-coupled receptor (GPCR) mechanism. Such a
mechanism is functional in the (ASH) sensory neuron of
Caenorhabditis elegans in response to, for example, 8octanone, a repulsive odorant cue. Intracellular signaling
cascades downstream of the GPCR activate the TRPV
channel, OSM-9, or OCR-2. Ca2+ influx through the TRPV
channel serves as an amplifier mechanism, which is
required for this signaling pathway to elicit the stereotypical
withdrawal response. (B) This schematic represents two
possibilities of how tonicity signaling could function. In one
alternative scenario, depicted on the right-hand side, the
TRPV channel functions downstream of a yet unknown
osmotic stimulus transduction mechanism, which is directly
activated by a change in tonicity. This is conceptually
related to what is depicte in (A). Intracellular signaling via
phosphorylation (dephosphorylation)-dependent pathways
activates the TRPV channel. For heterologous cellular
expression, two groups have obtained data, contradictory in
detail, that suggest phosphorylation of TRPV4 to be of
relevance. On the left-hand side of the representation, note
another scenario where the TRPV channel is at the top of
the signaling cascade, that is, it is directly activated by a
change in tonicity, which in turn can lead to an altered
mechanical tension of the cytoplasma membrane.	
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TRPV4 Channels in Disease (Pulmonary Edema)

79

W. Liedtke. Ann NY Acad Sci 2008;1144:42-52

This schematic overview indicates
TRPV4 as a possible translational
target in somatosensory and visceral
pain, mediated by TRPV4-expressing
sensory neurons in sensory ganglia,
such as dorsal root ganglion and
trigeminal ganglion; in lung alveolar
edema formation, where functional
TRPV4 expression and TRPV4mediated Ca2+ influx was shown to
facilitate alveolar leakiness and
edema; and in endothelia, where
TRPV4 was shown to respond to
shear stress and re-perfusion, which
could lead to pathological Ca2+ influx
as a possible foundation for development of the atherosclerotic lesion.
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Mechanoreception

80

Contents
1. Introduction
2. Overview on mechanoreception, mechanotransduction,
mechanoreceptors
3. Mechanosensitive channels from E. coli
Examples:
MscL
MscS
4. Mechanosensitive receptors in animal cells
Examples:
oocyte membranes
touch neurons in C. elegans
mechanotransduction during morphogenesis
5. Mechanosensitive channels in the spider sensilla
6. TRP channels
7. Mechanotransduction in the ear
8. Literature
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Hearing and Vestibular Function

81

Outer, Inner and Middle Ear
Sound waves are captured by the
auricle and conveyed through the
external acoustic duct to the
tympanic membrane, causing this
membrane to vibrate. These
vibrations are transmitted through
the auditory ossicles of the middle
ear to the footplate of the stapes,
which is anchored in the oval
window of the vestibule of the
cochlea.

Willems, New Engl J Med, 2000
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Hearing and Vestibular Function

82

The Cochlea
The cochlear duct is embedded in the
perilymph. It is filled with endolymph
and contains the organ of Corti
between the tectorial and the basilar
membranes. The relative movement of
the two membranes leads to the
deflection of the stereocilia of the inner
hair cells (one row) and the outer hair
cells (three rows), which generates the
influx of potassium ions through
channels at the tip links of the
stereocilia. Mutations in the α-tectorin
gene probably impair the function of
the tectorial membranes as a
resonator. The hair cell is the
mechanoelectrical transducer that
produces an electrical signal that is
transmitted through nerve fibres and
the spinal ganglion to the cochlear
nerve and the auditory cortex of the
brain.
The influx of potassium ions from the endolymph activates the hair cells, which leads to stimulation of the underlying nerve cells that
convey the auditory signal to the auditory cortex. The potassium ions probably leave the hair cells at their basolateral side through
potassium channels formed by the KCNQ4 gene product and enter the supporting cells. The potassium ions then flow through these
cells and the cochlear fibrocytes to the stria vascularis by means of connexins. There they are secreted back into the endolymph
through another potassium channel formed by the KCNQ1 and KCNE1 gene products. Epithelial supporting cells that express
connexin 26 are shown in red.
Willems, New Engl J Med, 2000
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Hearing and Vestibular Function

83

Schwander M et al. JCB 2010;190:9-20

The auditory sense organ
(A) Diagram of the auditory
sense organ highlighting the
snail-shaped cochlea.
(B) Diagram of the organ of
Corti.
(C) Scanning electron micrographs of hair bundles in the
cochlea after removal of the
tectorial membrane. Three
rows of OHCs are shown at
the left, one row of IHCs at
the right.
(D) Higher magnification view
of OHCs. Bars, 5 µm.
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Hearing and Vestibular Function

84

An Outer Hair Cell Crowned with an Array
of Stereocilia Connected by Tip Links
The vibrations of the basilar membrane caused by
the oscillations of the perilymph induce shearing of
the tectorial membrane. This leads to bending of the
stereocilia, which stretches the filaments that link
neighboring stereocilia, thereby opening unidentified
potassium channels in the membrane of the
stereocilia through the action of myosin. Myosin 7A
and myosin 15 are probably involved in the
movement of these stereocilia. The protein
diaphanous is also expressed in hair cells, in which it
recruits actin-binding proteins to the cell membrane,
thereby regulating actin dynamics. The myosindiaphanous-actin cytoskeleton is responsible for the
structural integrity and dynamics of the hair cells.
Otoferlin may be involved in the transport of synaptic
vesicles to the plasma membrane. The potassium
channels formed by the KCNQ4 protein (yellow) and
by the connexins (red) allow recirculation of the
potassium ions from the hair cells to the stria
vascularis and the endolymph. Connexin channels
are shown in red.

Willems, New Engl J Med, 2000
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Hair Cell Anatomy

85

Schwander M et al. JCB 2010;190:9-20

Hair bundle development and
structure
(A) Diagram of sequential stages of
hair bundle development. At the
onset, the apical hair cell surface
contains microvilli and one kinocilium. The microvilli grow in length.
The kinocilium moves to the lateral
edge of the hair cell. Some microvilli elongate to form stereocilia of
graded heights.
(B) Cross section through a hair
bundle and apical hair cell surface
indicating the kinocilium, stereocilia, and cuticular plate. Some of
the linkages in hair bundles are
highlighted.
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Hair Cell Physiology

86

Vollrath et al., Annu Rev Neurosci 30:339-365, 2007
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Hair Cell Physiology

87

Legend
(a) Hair bundle in a bullfrog saccule, comprising ~60 stereocilia and a single kinocilium (adjacent to tallest stereocilia)
(scale bar = 1 µm). (b) Two stereocilia and the tip link extending between them (scale bar = 0.1 µm). (c) Deflection of
hair bundle. Stereocilia tips remain in contact but shear with deflection. (d) Schematic model of transduction.
Shearing with positive deflection increases tension in tip links, which pull open a transduction channel at each end.
Myosin motors slip or climb to restore resting tension. An elastic gating spring likely exists between a channel and
the actin cytoskeleton. (e) Mouse utricular hair cell transduction currents. Step deflections (not shown) from –0.3 to
+0.7 µm elicit inward currents that adapt over 10–50 ms. (f) Activation or I(X) curve shows an operating range of ~0.7
µm, with ~12% of channels open at rest. Inward current is shown here as upward to reflect open probability. (g)
Multiple short stimulus steps (not shown) map the I(X) curve before (square) and after (open circle) a 250-ms, 0.4µm adapting step. (h) Adaptation occurs as a shift of the activation curve in the stimulus direction to an extent of
80%–90% of the stimulus amplitude. (i) Bullfrog saccular hair cell transduction currents, measured 1 ms after onset
of a force stimulus delivered by an optical trap. (j) The I(X) curve is very narrow (~0.1 µm) when measured with fast
stimuli. (k) Corresponding bundle movements elicited by the force stimuli. (l) Force-displacement relation measured
1 ms after onset of the stimulus. The bundle shows simple elastic movements for stimuli where channels are all
closed or all open but is more compliant over the range of channel opening. (m) Fast and slow adaptation in a
bullfrog hair cell. Positive force steps (not shown) elicit rapid channel opening followed by adaptation occurring in two
phases, a fast phase of 1–3 ms and a slow phase of 10–50 ms. (n) Corresponding bundle movements reveal
correlates of adaptation: a quick negative movement associated with fast adaptation and a slower positive movement
with slow adaptation.

Vollrath et al., Annu Rev Neurosci 30:339-365, 2007
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Mutations of Putative Mechanosensation Genes

88

Vollrath et al., Annu Rev Neurosci 30:339-365, 2007
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Proteins Associated with Links between Stereocilia

89

(a) Position of different links between stereocilia.
(b) Links at tips of stereocilia.
(c) Protein domain structures. CA, cadherin domain;
tm, transmembrane domain; FN3, fibronectin type 3
domain; PTPc, protein tyrosine phosphatase catalytic
domain; LamNT, laminin N-terminal domain; EGF
lam, laminin-type epidermal growth factor–like
domain; LamG, laminin G domain; calx beta, Ca2+
exchanger/integrin-β4 domain; EPTP, epitempin-like
domain; GPS, G protein–coupled receptor proteolytic
site domain; GPCR7tm, G protein-coupled receptor
seven-transmembrane domain.
Tip links:
- Cadherin 23
- Protocadherin 15
Shaft connectors:
- Ptprq: receptor-like protein tyrosine phosphatase
Ankle links:
- Vlgr1: large protein, 6300 AA
- Usherin: large protein, 5200 AA

Vollrath et al., Annu Rev Neurosci 30:339-365, 2007
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Proteins Associated with Adaptations

90

Motor proteins:
- Calmodulin
- Myosin-1c
- Myosin 7a
Scaffolding proteins:
- Harmonin b
- SANS

Myosin-1c is located in the hair bundle, especially in the distal third, and is most concentrated at either end of
the tip link. Myosin-7a is found throughout the bundle. Both are found in the vesicle-rich pericuticular zone (pz)
between the cuticular plate (cp) and the membrane. IQ, regulatory light-chain-binding domain; HDACI, histone
deacetylase interacting domain; EFH, EF hand (Ca2+-binding) domain; cc, coiled-coil domain; MyTH4, myosin
tail homology domain 4; FERM, 4.1/ezrin/radixin/moesin-like domain; SH3, Src homology 3 domain; PDZ,
PSD-95/Dlg/ZO-1-like domain.
Vollrath et al., Annu Rev Neurosci 30:339-365, 2007
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Proteins Associated with Ion Homeostasis

91

All are located in stereocilia; the Ca2+-binding proteins calbindin and oncomodulin are in the soma as well.
ATPase, cation transporter ATPase domain; hydrolase, haloacid dehalogenase-like hydrolase domain.
PMCA2: plasma membrane Ca2+ ATPase
Calbinding-D28k: a small protein (261 AA) with six calcium binding sites
Oncomodulin: two calcium binding sites
NHE1, -3, -6, -9: electrogenic Na+/H+ exchangers
Vollrath et al., Annu Rev Neurosci 30:339-365, 2007
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Proteins of the Mechanosensory Transduction Channel

92

The channel is located most likely at either end of the tip link. A, ankyrin domain. Lightly-shaded transmembrane
domains are predicted by hydropathy but not common to other members of the TRP channel family.
Vollrath et al., Annu Rev Neurosci 30:339-365, 2007
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Proteins of the Mechanosensory Transduction Channel
Schwander M et al. JCB 2010;190:9-20
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Hair bundle proteins. (A) Domain
structure of proteins. Abbreviations: CC, coiled-coil domain;
FERM, protein 4.1, ezrin, radixin,
moesin domain; IQ, calmodulinbinding IQ domain; MyTH4,
myosin tail homology 4 domain;
PDZ, PSD95/SAP90, Discs large,
zonula occludens-1 domain; PST,
proline, serine, threonine-rich
domain; PRO, proline-rich domain;
SH3, src homology 3 domain;
A D F, a c t i n - d e p o l y m e r i z a t i o n
factor; AR, ankyrin-like repeat; PR,
proline-rich peptide; ABS, F-actin–
binding site; WH, WASP homology
2 domain; ABM, actin bundling
module; EC, extracellular cadherin
repeat; CalX-β, Ca 2+ -binding
calcium enhancer β modules;
Lam, Laminin GL or NT domain;
EAR/EPTP, putative β-propeller
folding domain; EGF, laminin-type
epidermal growth fac-tor–like
domain; FN3, fibronectin type 3
repeat. (B) Diagram of two stereocilia indicating the distribu-tion of
some of the molecules discussed
in the text.
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Mechanotransduction in Hair Cells

94

D.E. Jaalouk et al. Nat Rev Mol Cell Biol 2009;10:75-82

a | A scanning electron micrograph of two hair bundles in the sensory macula of the bull frog saccule, showing the stereocilia arranged in bundles with centrally increasing heights. These bundles are ~8 µm tall and contain 50–60 stereocilia.
b | Schematic drawing of a hair bundle in resting (green) and deflected (pink) configuration. Deflection, that is shearing of
the stereocilia relative to each other, causes the ~150–200 nm long tip links to pull directly on K+ channels in the stereocilia, causing the channels to open. Myosin motors that link the channels to the actin core of the stereocilia can adjust the
position to restore resting tension in the tip link, allowing adaptation to persistent stimulation. Mutations in the K+ channel,
the linker proteins or in the unconventional myosins, which keep the tip links under tension, can result in deafness.
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Hair Bundles and Mechanotransduction

95

Schwander M et al. JCB 2010;190:9-20

Hair bundles and mechanotransduction
(A) Model of transduction and adaptation. Deflection of
hair bundles in the direction of the longest stereocilia
leads to the opening of transduction channels at the
lower ends of tip links. Ca2+ enters the transduction
channel and binds to the channel or a site near the
channel and leads to channel closure (fast adaptation).
The adaptation motor at the upper end of tip links
subsequently detaches from the actin cytoskeleton and
slides down the stereocilium, leading to release of
tension in the transduction machinery (slipping phase
of slow adaptation). Next, the motor complex climbs up
the stereocilium, reestablishing tension (climbing phase
of slow adaptation).
(B) Molecular components of the mechanotransduction
complex in stereocilia.
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Mammalian Hair Cells: TRPA1

96

Converting sound and movement into electrical signals
a, The hair cell has an array of pencil-shaped stereocilia on its
surface, each linked to its neighbour through a 'tip link'. b, The ion
channel that mediates the conversion of sound or movement into
electrical signals is located at one (and possibly both) ends of the tip
link, which is shown here as a relatively stiff connection. The
channel pore through which calcium (Ca2+ ) and potassium (K+) ions
are transported is probably an assembly of four proteins 2, with
TRPA1 as at least one of the subunits 1. The mechanism by which
this channel is controlled is speculative, but it may involve a springlike structural feature (with ankyrins forming the spring) and several
other key proteins coupled into the actin core of the stereocilium.
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Mammalian Hair Cells: TRPC3 and TRPC6

97

Expression of TRPC3 and TRPC6 in cochlear hair cells of mice.
Transient receptor potential (TRP) channels
TRPC3 and TRPC6 are expressed in both
sensory neurons and cochlear hair cells.
Deletion of TRPC3 or TRPC6 in mice caused
no behavioural phenotype, although loss of
TRPC3 caused a shift of rapidly adapting (RA)
mechanosensitive currents to intermediateadapting currents in dorsal root ganglion
sensory neurons. Deletion of both TRPC3 and
TRPC6 caused deficits in light touch and
silenced half of small diameter sensory
neurons expressing mechanically activated
RA currents.

In situ hybridization shows that TRPC3 and
TRPC6 are found in the hair cells of P21 mice.
Arrows indicate the location of inner hair cells
(IHC). Sense probes for TRPC3 and TRPC6
produced little or no staining.
Reference: K. Quick et al. Open Biol. 2013; 2 (E-publ.)
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