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Introduction

Touch is the detection of mechanical stimulus impacting the 
skin, including innocuous and noxious mechanical stimuli. It is 
an essential sense for the survival and the development of mam-
mals and human. Contact of solid objects and fluids with the 
skin gives necessary information to the central nervous system 
that allows exploration and recognition of the environment and 
initiates locomotion or planned hand movement. Touch is also 
very important for apprenticeship, social contacts and sexual-
ity. Sense of touch is the least vulnerable sense, although it can 
be distorted (hyperesthesia, hypoesthesia) in many pathological 
conditions.1-3

Touch responses involve a very precise coding of mechanical 
information. Cutaneous mechanoreceptors are localized in the 
various layers of the skin where they detect a wide range of mechan-
ical stimuli, including light brush, stretch, vibration, deflection of 
hair and noxious pressure. This variety of stimuli is matched by 
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Cutaneous mechanoreceptors are localized in the various 
layers of the skin where they detect a wide range of mechanical 
stimuli, including light brush, stretch, vibration and noxious 
pressure. This variety of stimuli is matched by a diverse array 
of specialized mechanoreceptors that respond to cutaneous 
deformation in a specific way and relay these stimuli to 
higher brain structures. Studies across mechanoreceptors and 
genetically tractable sensory nerve endings are beginning to 
uncover touch sensation mechanisms. Work in this field has 
provided researchers with a more thorough understanding 
of the circuit organization underlying the perception of 
touch. Novel ion channels have emerged as candidates for 
transduction molecules and properties of mechanically gated 
currents improved our understanding of the mechanisms 
of adaptation to tactile stimuli. This review highlights the 
progress made in characterizing functional properties of 
mechanoreceptors in hairy and glabrous skin and ion channels 
that detect mechanical inputs and shape mechanoreceptor 
adaptation.
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a diverse array of specialized mechanoreceptors that respond to 
cutaneous deformation in a specific way and relay these stimuli 
to higher brain structures. Somatosensory neurones of the skin 
fall into two groups: low-threshold mechanoreceptors (LTMRs) 
that react to benign pressure and high-threshold mechanorecep-
tors (HTMRs) that respond to harmful mechanical stimulation. 
LTMR and HTMR cell bodies reside within dorsal root ganglia 
(DRG) and cranial sensory ganglia (trigeminal ganglia). Nerve 
fibers associated with LTMRs and HTMRs are classified as Aβ-, 
Aδ-, or C-fibers based on their action potential conduction veloci-
ties. C fibers are unmyelinated and have the slowest conduction 
velocities (~2 m/s), whereas Aδ and Aβ fibers are lightly and heav-
ily myelinated, exhibiting intermediate (~12 m/s) and rapid (~20 
m/s) conduction velocities, respectively. LTMRs are also classified 
as slowly, or rapidly adapting responses (SA- and RA-LTMRs) 
according to their rates of adaptation to sustained mechanical 
stimulus. They are further distinguished by the cutaneous end 
organs they innervate and their preferred stimuli.

Ability of mechanoreceptors to detect mechanical cues relies 
on the presence of mechanotransducer ion channels that rapidly 
transform mechanical forces into electrical signals and depolar-
ise the receptive field. This local depolarisation, called receptor 
potential, can generate action potentials that propagate toward 
the central nervous system. However, properties of molecules 
that mediate mechanotransduction and adaptation to mechani-
cal forces remain unclear.

In this review, we provide an overview of mammalian mech-
anoreceptor properties in innocuous and noxious touch in the 
hairy and glabrous skin. We also consider the recent knowl-
edge about the properties of mechanically-gated currents in an 
attempt to explain the mechanism of mechanoreceptor’s adapta-
tion. Finally, we review recent progress made in identifying ion 
channels and associated proteins responsible for the generation of 
mechano-gated currents.

Innocuous Touch

Hair follicle-associated LTMRs. The hair follicles represent hair 
shaft-producing mini-organs that detect light touch. Fibers asso-
ciated with hair follicles respond to hair motion and its direction 
by firing trains of action potentials at the onset and removal of 
the stimulus. They are rapidly adapting receptors.
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activities of unique combinations of Aβ-, Aδ- and C- fibers to 
dorsal horn.

They showed that the genetic labeling of tyrosine hydroxy-
lase positive (TH+) DRG neurones characterize a population 
of nonpeptidergic, small-diameter sensory neurones and allow 
for visualization of C-LTMR peripheral endings in the skin. 
Surprisingly, the axoneal branches of individual C-LTMRs were 
found to arborise and form longitudinal lanceolate endings that 
are intimately associated with zigzag (80% of endings) and awl/
auchene (20% of endings), but not tylotrich hair follicles [Fig. 1 
(A4)]. Longitudinal lanceolate endings have been long thought 
to belong exclusively to Aβ-LTMRs and therefore it was unex-
pected that the endings of C-LTMRs would form longitudinal 
lanceolate endings.15 These C-LTMRs have an intermediate 
adaptation in comparison with the slowly and rapidly adapting 
myelinated mechanoreceptors [Fig. 2 (C1)].

A second major population identified concerns the Aδ-LTMR 
endings in Awl/Auchenne and zigzag follicles to be compared 
with the Down hair follicle extensively studied in cat and rab-
bit. Ginty and collaborators showed that TrkB is expressed at 
high levels in a subset of medium-diametre DRG neurones. 
Intracellular recordings using the ex vivo skin-nerve prepara-
tion of labeled fibers revealed that they exhibit the physiological 
properties of fibers previously studied in cat and rabbit: exquisite 
mechanical sensitivity (Von Frey threshold < 0.07 mN), rapidly 
adapting responses to suprathreshold stimuli, intermediate con-
duction velocities (5.8 ± 0.9 m/s) and narrow uninflected soma 
spikes.15 These Aδ-LTMRs form longitudinal lanceolate endings 
associated with virtually every zigzag and awl/auchene hair fol-
licle of the trunk [Fig. 1 (A5)].

Finally, they showed that the peripheral endings of rapidly 
adapting Aβ LTMRs form longitudinal lanceolate endings asso-
ciated with guard (or tylotrich) and awl/auchene hair follicles 
[Fig. 1 (A6)].15 In addition, Guard hairs are also associated with 
a Merkel cell complex forming a touch dome connected to Aβ 
slowly adapting LTMR [Fig. 1 (A7)].

In summary, virtually all zigzag hair follicles are innervated 
by both C-LTMR and Aδ-LTMR lanceolate endings; awl/
auchene hairs are triply innervated by Aβ rapidly adapting-
LTMR, Aδ-LTMR and C-LTMR lanceolate endings; Guard 
hair follicles are innervated by Aβ rapidly adapting-LTMR lon-
gitudinal lanceolate endings and interact with Aβ slowly adapt-
ing-LTMR of touch dome endings. Thus, each mouse hair 
follicle receives unique and invariant combinations of LTMR 
endings corresponding to neurophysiologically distinct mecha-
nosensory end organs. Considering the iterative arrangement 
of these three hair types, Ginty and collaborators propose that 
hairy skin consists of iterative repeat of peripheral unit contain-
ing, (1) one or two centrally located guard hairs, (2) ~20 sur-
rounding awl/auchenne hairs and (3) ~80 interspersed zigzag 
hairs [Fig. 2 (C1)].

Spinal cord projection. The central projections of Aβ rapidly 
adapting-LTMRs, Aδ-LTMRs and C-LTMRs terminate in 
distinct, but partially overlapping laminae (II, III, IV) of the 
spinal cord dorsal horn. In addition, the central terminals of 
LTMRs that innervate the same or adjacent hair follicles within a 

Cat and rabbit. In cat and rabbit coat, hair follicles can be 
divided in three hair follicle types, the Down hair, the Guard 
hair and the Tylotrichs. The Down hairs (underhair, wool, vel-
lus)4 are the most numerous, the shortest and finest hairs of the 
coat. They are wavy, colorless and emerged in groups of two to 
four hairs from a common orifice in the skin. The Guard hairs 
(monotrichs, overhears, tophair)4 are slightly curved, either pig-
mented or unpigmented, and emerged singly from the mouths 
of their follicles. The tylotrichs are the least numerous, the lon-
gest and thickest hairs.5,6 They are pigmented or unpigmented, 
sometimes both and emerged singly from a follicle which is sur-
rounded by a loop of capillary blood vessels. The sensory fibers 
supply to a hair follicle is located below the sebaceous gland and 
are attributed to Aβ or Aδ-LTMR fibers.7

In close apposition to the down hair shaft, just below the 
level of the sebaceous gland is the ring of lanceolate pilo-Ruffini 
endings. These sensory nerve endings are positioned in a spiral 
course around the hair shaft within the connective tissue forming 
the hair follicle. Within the hair follicle, there are also free nerve 
endings, some of them forming mechanoreceptors. Frequently, 
touch corpuscles (see glabrous skin) are surrounding the neck 
region of tylotrich follicle.

Properties of myelinated nerve endings in cat and rabbit hairy 
skin have been explored intensively in the 1930–1970 period 
(review in Hamann, 1995).8 Remarkably, Brown and Iggo, study-
ing 772 units with myelinated afferent nerve fibers in the saphe-
nous nerves from cat and rabbit, have classified responses in three 
receptor types corresponding to the movements of Down hairs 
(type D receptors), Guard hair (type G receptors) and Tylotrich 
hair (type T receptor).9 All the afferent nerve fiber responses have 
been brought together in the Rapidly Adapting receptor of type 
I (RA I) by opposition to the Pacinian receptor named RA II. 
RA I mechanoreceptors detect velocity of mechanical stimulus 
and have sharp border. They do not detect thermal variations. 
Burgess et al. also described a rapidly adapting field receptor that 
responds optimally to stroking of the skin or movement of several 
hairs, which was attributed to stimulation of pilo-Ruffini end-
ings. None of the hair follicle response was attributed to C fiber 
activity.10

Mice. In the dorsal hairy skin of mice, three major types of 
hair follicles have been described: zigzag (around 72%), awl/
auchene (around 23%) and guard or tylotrich (around 5%).11-14 
Zigzag and Awl/auchenne hair follicles produce the thinner and 
shorter hair shafts and are associated with one sebaceous gland. 
Guard or tylotrich hairs are the longest of the hair follicle types. 
They are characterized by a large hair bulb associated with two 
sebaceous glands. Guard and awl/auchene hairs are arranged in 
an iterative, regularly spaced pattern whereas zigzag hairs densely 
populate skin areas surrounding the two larger hair follicle types 
[Fig. 1 (A1, A2 and A3)].

Recently, Ginty and collaborators used a combination of 
molecular-genetic labeling and somatotopic retrograde tracing 
approaches to visualize the organization of peripheral and central 
axonal endings of the LTMRs in mice.15 Their findings support a 
model in which individual features of a complex tactile stimulus 
are extracted by the three hair follicle types and conveyed via the 
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In addition, because the three hair follicle types exhibit different 
shapes, sizes and cellular compositions, they are likely to have 
distinct deflectional or vibrational tuning properties. These 
findings are consistent with classic neurophysiological measure-
ments in the cat and rabbit indicating that Aβ RA-LTMRs and 
Aδ-LTMRs can be differentially activated by deflection of dis-
tinct hair follicle types.16,17

In conclusion, touch in hairy skin is the combination of:  
(1) the relative numbers, unique spatial distributions and distinct 
morphological and deflectional properties of the three types of 
hair follicles; (2) the unique combinations of LTMR subtype 
endings associated with each of the three hair follicle types; and  
(3) distinct sensitivities, conduction velocities, spike train patterns 
and adaptation properties of the four main classes of hair-follicle-
associated LTMRs that enable the hairy skin mechanosensory 

peripheral LTMR unit are aligned to form a narrow LTMR col-
umn in the spinal cord dorsal horn [Fig. 1 (B1)]. Thus, it appears 
likely that a wedge, or column of somatotopically organized pri-
mary sensory afferent endings in the dorsal horn represents the 
alignment of the central projections of Aβ-, Aδ- and C-LTMRs 
that innervate the same peripheral unit and detect mechanical 
stimuli acting upon the same small group of hairs follicles. Based 
on the numbers of guard, awl/ auchene and zigzag hairs of the 
trunk and limbs and the numbers of each LTMR subtype, Ginty 
and collaborators estimate that the mouse dorsal horn contains 
2,000–4,000 LTMR columns, which corresponds to the approx-
imate number of peripheral LTMR units.15

Furthermore, axones of LTMR subtypes are closely associ-
ated with one another, having entwined projections and inter-
digitated lanceolate endings that innervate the same hair follicle. 

Figure 1. 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 C-LTMR 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 lanceo-
late 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 inner-
vate 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 subpopula-
tion 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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are thus intermediate in comparison with the slowly and rapidly 
adapting myelinated mechanoreceptors. The receptive fields of 
human CT afferents are roughly round or oval in shape. The field 
consists of one to nine small responsive spots distributed over an 
area up to 35 mm2.22 The mouse homolog receptors are organized 
in a pattern of discontinuous patches covering about 50–60% of 
the area in the hairy skin [Fig. 2 (C2)].23

Evidence from patients lacking myelinated tactile afferents 
indicates that signaling in CT fibers activate the insular cortex. 
Since this system is poor in encoding discriminative aspects of 
touch, but well-suited to encoding slow, gentle touch, CT fibers 
in hairy skin may be part of a system for processing pleasant and 
socially relevant aspects of touch.24 CT fiber activation may also 

system to extract and convey to the CNS the complex combina-
tions of qualities that define a touch.

Free-nerve endings LTMRs. Generally, C-fibers free endings 
in the skin are HTMRs, but a subpopulation of C-fibers doesn’t 
respond to noxious touch. This subset of tactile C-fiber (CT) 
afferents represents a distinct type of unmyelinated, low-thresh-
old mechanoreceptive units existing in the hairy but not glabrous 
skin of humans and mammals [Fig. 1 (A8)].18,19 CTs are generally 
associated with the perception of pleasant tactile stimulation in 
body contact.20,21

CT afferents respond to indentation forces in the range 0.3–
2.5 mN and are thus as sensitive to skin deformation as many of 
the Aβ afferents.19 The adaptation characteristics of CT afferents 

Figure 2. 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 ex-
pressed 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 adapta-
tion 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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endings are small connective tissue cylinders arranged along der-
mal collagen strands which are supplied by one to three myelin-
ated nerve fibers of 4–6 μm diametre. Up to three cylinders of 
different orientation in the dermis may merge to form one recep-
tor [Fig. 1 (C3)]. Structurally, Ruffini endings are similar to 
Golgi tendon organs. They are broadly expressed in the dermis 
and have been identified as the slowly adapting type II (SA II) 
cutaneous mechanoreceptors. Against the background of spon-
taneous nervous activity, a slowly-adapting regular discharge is 
elicited by perpendicular low force maintained mechanical stim-
ulation or more effectively by dermal stretch. SA II response orig-
inates from large receptive fields with obscure borders. Ruffini 
receptors contribute to the perception of the direction of object 
motion through the pattern of skin stretch [Fig. 2 (A2)].

In mice, SA I and SA II responses can be separated electro-
physiologically in ex-vivo nerve-skin preparation.40 Nandasena 
and collaborators reported the immunolocalization of aquapo-
rin 1 (AQP1) in the periodontal Ruffini endings of the rat inci-
sors suggesting that AQP1 is involved in the maintenance of the 
dental osmotic balance necessary for the mechanotransduction.41 
The periodontal Ruffini endings also expressed the putative 
mechanosensitive ion channel ASIC3.42

Meissner corpuscles. Meissner corpuscles are localized in the 
dermal papillae of the glabrous skin, mainly in hand palms and 
foot soles but also in lips, in tongue, in face, in nipples and in 
genitals. Anatomically, they consist of an encapsulated nerve end-
ing, the capsule being made of flattened supportive cells arranged 
as horizontal lamellae embedded in connective tissue. There is 
one single nerve fiber Aβ afferents connected per corpuscle [Fig. 
1 (C4)]. Any physical deformation of the corpuscle triggers a vol-
ley of action potentials that quickly ceases, i.e., they are rapidly 
adapting receptors. When the stimulus is removed, the corpuscle 
regains its shape and while doing so produces another volley of 
action potentials. Due to their superficial location in the dermis, 
these corpuscles selectively respond to skin motion, tactile detec-
tion of slip and vibrations (20–40 Hz). They are sensitive to 
dynamic skin - for example, between the skin and an object that 
is being handled [Fig. 2 (A1)].

Pacinian corpuscles. Pacinian corpuscles are the deeper mecha-
noreceptors of the skin and are the most sensitive encapsulated 
cutaneous mechanoreceptor of skin motion. These large ovoid 
corpuscles (1 mm in length) made of concentric lamellae of 
fibrous connective tissue and fibroblasts lined by flat modified 
Schwann cells are expressed in the deep dermis.43 In the center 
of the corpuscle, in a fluid-filled cavity called inner bulb, ter-
minates one single Aβ afferent unmyelinated nerve ending [Fig. 
1 (C5)]. They have a large receptive field on the skin’s surface 
with a particularly sensitive center. The development and func-
tion of several rapidly adapting mechanoreceptor types are dis-
rupted in c-Maf mutant mice. In particular, Pacinian corpuscles 
are severely atrophied.44

Pacinian corpuscles display very rapid adaptation in response 
to the indentation of the skin, the rapidly-adapting II (RA II) 
nervous discharge that are capable of following high frequency of 
vibratory stimuli, and allow perception of distant events through 
transmitted vibrations.45 Pacinian corpuscle afferents respond to 

have a role in pain inhibition and it has recently been proposed 
that inflammation or trauma may change the sensation conveyed 
by C-fiber LTMRs from pleasant touch to pain.25,26

Which pathway CT-afferents travel is not yet known [Fig. 1 
(B2)], but low-threshold tactile inputs to spinothalamic projec-
tion cells have been documented,27 lending credence to reports 
of subtle, contralateral deficits of touch detection in human 
patients following destruction of these pathways after chordot-
omy procedures.28

LTMRs in Glabrous skin. Merkel cell-neurite complexes and 
touch dome. Merkel (1875) was the first to give a histological 
description of clusters of epidermal cells with large lobulated 
nuclei, making contact with presumed afferent nerve fibers. 
He assumed that they subserved sense of touch by calling them 
Tastzellen (tactile cells). In humans, Merkel cell–neurite com-
plexes are enriched in touch sensitive areas of the skin, they are 
found in the basal layer of the epidermis in fingers, lips and geni-
tals. They also exist in hairy skin at lower density. The Merkel 
cell–neurite complex consists of a Merkel cell in close apposition 
to an enlarged nerve terminal from a single myelinated Aβ fiber 
[Fig. 1 (C1)] (review in Halata and collaborators).29 At the epi-
dermal side Merkel cell exhibits finger-like processes extending 
between neighboring keratinocytes [Fig. 1 (C2)]. Merkel cells 
are keratinocyte-derived epidermal cells.30,31 The term of touch 
dome was introduced to name the large concentration of Merkel 
cell complexes in the hairy skin of cat forepaw. A touch dome 
could have up to 150 Merkel cells innervated by a single Aβ-fiber 
and in humans besides Aβ-fibers, Aδ and C-fibers were also regu-
larly present.32-34

Stimulation of Merkel cell–neurite complexes results in 
slowly-adapting Type I (SA I) responses, which originate from 
punctuate receptive fields with sharp borders. There is no sponta-
neous discharge. These complexes respond to indentation depth 
of the skin and have the highest spatial resolution (0.5 mm) of 
the cutaneous mechanoreceptors. They transmit a precise spatial 
image of tactile stimuli and are proposed to be responsible for 
shape and texture discrimination [Fig. 2 (B1)]. Mice devoid of 
Merkel cells cannot detect textured surfaces with their feet while 
they do so using their whiskers.35

Whether the Merkel cell, the sensory neuron or both are sites 
of mechanotransduction is still a matter of debate. In rats, pho-
totoxic destruction of Merkel cells abolishes SA I response.36 In 
mice with genetically suppressed-Merkel cells, the SA I response 
recorded in ex vivo skin/nerve preparation completely disap-
peared, demonstrating that Merkel cells are required for the 
proper encoding of Merkel receptor responses.37 However, the 
mechanical stimulation of isolated Merkel cells in culture by 
motor driven pressure does not generate mechanically-gated cur-
rents.38,39 Keratinocytes may play an important role in the normal 
functioning of the Merkel cell–neurite complex. The Merkel cell 
finger-like processes can move with skin deformation and epider-
mis cell movement, and this may be the first step of mechanical 
transduction. Clearly, the conditions required to study mechano-
sensitivity of Merkel cells have yet to be established.

Ruffini endings. Ruffini endings are thin cigar-shaped encap-
sulated sensory endings connected to Aβ nerve endings. Ruffini 
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modality-specific pattern of mechanosensory neurone axonal 
projections within the brainstem.

Exploration of human skin mechanoreceptors. The technique 
of “microneurography” described by Hagbarth and Vallbo in 
1968 has been applied to study the discharge behavior of sin-
gle human mechanosensitive endings supplying muscle, joint 
and skin (see for review Macefield, 2005).52,53 The majority of 
human skin microneurography studies have characterized the 
physiology of tactile afferents in the glabrous skin of the hand. 
Microelectrode recordings from the median and ulnar nerves 
in human subjects have revealed touch sensation generated by 
the four classes of LTMRs: Meissner afferents are particularly 
sensitive to light stroking across the skin, responding to local 
shear forces and incipient or overt slips within the receptive field. 
Pacinian afferents are exquisitively sensitive to brisk mechani-
cal transients. Afferents respond vigorously to blowing over the 
receptive field. A Pacinian corpuscle located in a digit will usu-
ally respond to tapping the table supporting the arm. Merkel 
afferents characteristically have a high dynamic sensitivity to 
indentation stimuli applied to a discrete area and often respond 
with an off-discharge during release. Although the Ruffini affer-
ents do respond to forces applied normally to the skin, a unique 
feature of SA II afferents is their capacity to respond also to lat-
eral skin stretch. Finally, hair units in the forearm have large 
ovoid or irregular receptive fields composed of multiple sensitive 
spots that corresponded to individual hairs (each afferent supply 
~20 hairs).

Mechanical sensitivity of keratinocytes. Any mechanical 
stimulus on the skin must be transmitted through keratinocytes 
that form the epidermis. These ubiquitous cells may perform 
signaling functions in addition to their supportive or protec-
tive roles. For example, keratinocytes secrete ATP, an impor-
tant sensory signaling molecule, in response to mechanical and 
osmotic stimuli.54,55 The release of ATP induces intracellular cal-
cium increase by autocrine stimulation of purinergic receptors.55 
Furthermore, there is evidence that hypotonicity activates the 
Rho-kinase signaling pathway and the subsequent F-actin stress 
fiber formation suggesting that the mechanical deformation of 
the keratinocytes may mechanically interfere with the neighbor 
cells such as Merkel cells for innocuous touch and C-fiber free 
endings for noxious touch [Fig. 1 (C6)].56,57

Noxious Touch

High threshold mechanoreceptors (HTMRs) are epidermal C- 
and Aδ free nerve-endings. They are not associated with special-
ized structures and are observed in both hairy skin [Fig. 1 (A9)] 
and glabrous skin [Fig. 1(C7)]. However, the term of free nerve-
ending has to be considered prudently since nerve endings are 
always in close apposition with keratinocyte or Langherans’ cell 
or melanocytes. Ultrastructural analysis of nerve endings reveals 
the presence of rough endoplasmic reticulum, abundant mito-
chondria and dense-core vesicle. Adjacent membranes of epider-
mal cells are thickened and resembling post-synaptic membrane 
in nervous tissues. Note that the interactions between nerve end-
ings and epidermal cells may be bidirectional since epidermal 

sustained indentation with transient activity at the onset and off-
set of the stimulus. They are also called acceleration detectors 
because they can detect changes in the strength of the stimulus 
and, if the rate of change in the stimulus is altered (as happens in 
vibrations), their response becomes proportional to this change. 
Pacinian corpuscles sense gross pressure changes and most of all 
vibrations (150–300 Hz), which they can detect even centimeters 
away [Fig. 2 (A3)].

Tonic response was observed in decapsulated Pacinian cor-
puscle.46 In addition, intact Pacinian corpuscles respond with 
sustained activity during constant indentation stimuli, with-
out altering mechanical thresholds or response frequency when 
GABA-mediated signaling is blocked between lamellate glia and 
a nerve ending.47 Thus, the non-neuronal components of the 
Pacinian corpuscle may have dual roles in filtering the mechani-
cal stimulus as well as in modulating the response properties of 
the sensory neurone.

Spinal cord projections. Projections of the Aβ-LTMRs in the 
spinal cord are divided in two branches. The principal central 
branch ascends in the spinal cord in the ipsilateral dorsal columns 
to the cervical level [Fig. 1 (B3)]. Secondary branches terminate 
in the dorsal horn in the laminae IV and interfere with the pain 
transmission, for example. This may attenuate pain as a part of 
the gate control [Fig. 1 (B4)].48

At cervical levels, axones of the principal branch separate in 
two tracts: the midline tract comprises the gracile fascicle con-
veying information from the lower half of the body (legs and 
trunk), and the outer tract comprises the cuneate fascicle con-
veying information from the upper half of the body (arms and 
trunk) [Fig. 1 (B5)].

Primary tactile afferents make their first synapse with second 
order neurones at the medulla where fibers from each tract syn-
apse in a nucleus of the same name: the gracile fasciculus axones 
synapse in the gracile nucleus and the cuneate axones synapse 
in the cuneate nucleus [Fig. 1 (B6)]. Neurones receiving the 
synapse provide the secondary afferents and cross the midline 
immediately to form a tract on the contralateral side of the brain-
stem—the medial lemniscus—which ascends through the brain-
stem to the next relay station in the midbrain, specifically, in the 
thalamus [Fig. 1 (B7)].

Molecular specification of LTMRs. Molecular mechanisms con-
trolling the early diversification of LTMRs have been recently 
partly elucidated. Bourane and collaborators have shown that 
the neuronal populations expressing the Ret tyrosine kinase 
receptor (Ret) and its co-receptor GFRα2 in E11–13 embry-
onic mice DRG selectively coexpress the transcription factor 
Mafa.49,50 These authors demonstrate that the Mafa/Ret/GFRα2 
neurones destined to become three specific types of LTRMs at 
birth: the SA1 neurones innervating Merkel-cell complexes, the 
rapidly adapting neurones innervating Meissner corpuscles and 
the rapidly adapting afferents (RA I) forming lanceolate endings 
around hair follicles. Ginty and collaborators also report that 
DRG neurones expressing early-Ret are rapidly adapting mecha-
noreceptors from Meissner corpuscles, Pacinian corpuscles and 
lanceolate endings around hair follicles.51 They innervate discrete 
target zones within the gracile and cuneate nuclei, revealing a 
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Sensory neurones with non-nociceptive phenotypes preferen-
tially express rapidly adapting mechanosensitive currents with 
lower mechanical threshold.60,61,63,64,68 Conversely, slowly and 
ultra-slowly adapting mechanosensitive currents are occasionally 
reported in putative non-nociceptive cells.64,68 This prompted 
suggestion that these currents might contribute to the different 
mechanical thresholds seen in LTMRs and HTMRs in vivo. 
Although these in vitro experiments should be taken with cau-
tion, support for the presence in the soma of the DRG neurones 
of low- and high-threshold mechanotransducers was also pro-
vided by radial stretch-based stimulation of cultured mouse sen-
sory neurones.69 This paradigm revealed two main populations 
of stretch-sensitive neurones, one that responds to low stimulus 
amplitude and another one that selectively responds to high stim-
ulus amplitude.

These results have important, yet speculative, mechanis-
tic implications: the mechanical threshold of sensory neurones 
might have little to do with the cellular organization of the mech-
anoreceptor but may lie in the properties of the mechanically-
gated ion channels.

The mechanisms that underlie desensitization of mechano-
sensitive cation currents in rat DRG neurones have been recently 
unraveled.64,67 It results from two concurrent mechanisms 
that affect channel properties: adaptation and inactivation. 
Adaptation was first reported in auditory hair cell studies. It can 
be described operationally as a simple translation of the trans-
ducer channel’s activation curve along the mechanical stimulus 
axis.70-72 Adaptation allows sensory receptors to maintain their 
sensitivity to new stimuli in the presence of an existing stimu-
lus. However, a substantial fraction of mechanosensitive currents 
in DRG neurones cannot be reactivated following conditioning 
mechanical stimulation, indicating inactivation of some trans-
ducer channels.64,67 Therefore, both inactivation and adaptation 
act in tandem to regulate mechanosensitive currents. These two 
mechanisms are common to all mechanosensitive currents identi-
fied in rat DRG neurones, suggesting that related physicochemi-
cal elements determine the kinetics of these channels.64

In conclusion, determining the properties of endogenous 
mechanosensitive currents in vitro is crucial in the quest to iden-
tify transduction mechanisms at the molecular level. The vari-
ability observed in the mechanical threshold and the adapting 
kinetics of the different mechanically-gated currents in DRG 
neurones suggest that intrinsic properties of ion channels may 
explain, at least in part, mechanical threshold and adaptation 
kinetics of the mechanoreceptors described in the decades 1960–
80 using ex vivo preparations.

Putative Mechanosensitive Proteins

Mechanosensitive ion currents in somatosensory neurones are 
well characterized, by contrast, little is known about the identity 
of molecules that mediate mechanotransduction in mammals. 
Genetic screens in Drosophila and C. elegans have identified can-
didate mechanotransduction molecules, including the TRP and 
degenerin/epithelial Na+ channel (Deg/ENaC) families.73 Recent 
attempts to elucidate the molecular basis of mechanotransduction 

cells may release mediators as ATP, interleukine (IL6, IL10) and 
bradykinin and conversely peptidergic nerve endings may release 
peptides such as CGRP or substance P acting on epidermal cells. 
HTMRs comprise mechano-nociceptors excited only by noxious 
mechanical stimuli and polymodal nociceptors that also respond 
to noxious heat and exogenous chemical [Fig. 2 (B2)].58

HTMR afferent fibers terminate on projection neurones in 
the dorsal horn of the spinal cord. Aδ-HTMRs contact second 
order neurones predominantly in the lamina I and V, whereas 
C-HTMRs terminate in the lamina II [Fig. 1 (B8)]. Second 
order nociceptive neurones project to the controlateral side of the 
spinal cord and ascend in the white matter, forming the antero-
lateral system. These neurones terminate mainly in the thalamus 
[Fig. 1 (B9 and B10)].

Mechano-Currents in Somatosensory Neurones

The mechanisms of slow or rapid adaptation of mechanorecep-
tors are not yet elucidated. It is not clear to what extent mecha-
noreceptor adaptation is provided by the cellular environment of 
the sensory nerve ending, the intrinsic properties of the mechan-
ically-gated channels and the properties of the axonal voltage-
gated ion channels in sensory neurones (Fig. 2). However, recent 
progress in the characterization of mechanically-gated currents 
has demonstrated that different classes of mechanosensitive 
channels exist in DRG neurones and may explain some aspects of 
the adaptation of mechanoreceptors.

In vitro recording in rodents has shown that the soma of 
DRG neurons is intrinsically mechanosensitive and express cat-
ionic mechano-gated currents.59-64 Gadolinium and ruthenium 
red fully block mechanosensitive currents, whereas external cal-
cium and magnesium, at physiological concentrations, as well as 
amiloride and benzamil, cause partial block.60,62,63 FM1–43 acts 
as a lasting blocker, and the injection of FM1–43 into the hind 
paw of mice decreases pain sensitivity in the Randall–Selitto test 
and increases the paw withdrawal threshold assessed with von 
Frey hairs.65

In response to sustained mechanical stimulation, mechano-
sensitive currents decline through closure. Based on the time 
constants of current decay, four distinct types of mechanosensi-
tive currents have been distinguished: rapidly adapting currents 
(~3–6 ms), intermediately adapting currents (~15–30 ms), slowly 
adapting currents (~200–300 ms) and ultra-slowly adapting cur-
rents (~1000 ms).64 All these currents are present with variable 
incidence in rat DRG neurones innervating the glabrous skin of 
the hindpaw.64

The mechanical sensitivity of mechanosensitive currents can 
be determined by applying a series of incremental mechanical 
stimuli, allowing for relatively detailed stimulus-current analy-
sis.66 The stimulus–current relationship is typically sigmoi-
dal, and the maximum amplitude of the current is determined 
by the number of channels that are simultaneously open.64,67 
Interestingly, the rapidly adapting mechanosensitive current has 
been reported to display low mechanical threshold and half-acti-
vation midpoint compared with the ultra-slowly adapting mech-
anosensitive current.63,65
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reversal potentials around 0 mV and are cation no selective, with 
Na+, K+, Ca2+ and Mg2+ all permeating the underlying channel. 
Likewise, piezo-dependent currents are regulated by membrane 
potential, with a marked slowing of current kinetics at depolar-
ised potentials.86

Piezo proteins are undoubtedly mechanosensing proteins 
and share many properties of rapidly adapting mechanosensi-
tive currents in sensory neurones. Treatment of cultured DRG 
neurones with Piezo 2 short interfering RNA decreased the pro-
portion of neurones with rapidly adapting current and decreased 
the percentage of mechanosensitive neurones.86 Transmembrane 
domains are located throughout the piezo proteins but no obvi-
ous pore-containing motifs or ion channel signatures have 
been identified. However, mouse Piezo 1 protein purified and 
reconstituted into asymmetric lipid bilayers and liposome forms 
ion channels sensitive to ruthenium red.87 An essential step in 
validating mechanotransduction through Piezo channels is 
to use in vivo approaches to determine the functional impor-
tance in touch signaling. Information was given in Drosophila 
where deletion of the single Piezo member reduced mechanical 
response to noxious stimuli, without affecting normal touch.89 
Although their structure remains to be determined, this novel 
family of mechanosensitive proteins is a promising subject for 
future research, beyond the border of touch sensation. For exem-
ple, a recent study on patients with anemia (hereditary xerocyto-
sis) shows the role of Piezo 1 in maintaining erythrocyte volume 
homeostasis.90

Transmembrane channel-like (TMC). A recent study indi-
cates that two proteins, TMC1 and TMC2, are necessary for hair 
cell mechanotransduction.91 Hereditary deafness due to TMC1 
gene mutation was reported in human and mice.92,93 Presence of 
these channels had not yet been shown in the somatosensory sys-
tem, but it seems to be a good lead to investigate.

Stomatin-like protein 3 (SLP3). Additionally to the transduc-
tion channels, some accessory proteins linked to the channel have 
been shown to play a role in touch sensivity. SLP3 is expressed in 
mammalian DRG neurones. Studies using mutant mice lacking 
SLP3 had shown change in mechanosensation and mechanosen-
tive currents.94,95 SLP3 precise function remains unknown. It 
may be a linker between the mechanosensitive channel and the 
underlying microtubules, as proposed for its C. elegans homolog 
MEC2.96 Recently GR. Lewin lab has suggested that a tether is 
synthesized by DRG sensory neurones and links mechanosen-
sitive ion channel to the extracellular matrix.97 Disrupting the 
link abolishes the RA-mechanosensitive current suggesting that 
some ion channels are mechanosensitive only when tethered. 
RA-mechanosensitive currents are also inhibited by laminin-332, 
a matrix protein produced by keratinocytes, reinforcing the 
hypothesis of a modulation of the mechanosensitive current by 
extracellular proteins.98

K+ channel subfamily. In parallel to cationic depolarising 
mechanosensitive currents, the presence of repolarising mecha-
nosensitive K+ currents is under investigation. K+ channels in 
mechanosensitive cells can step in the current balance and con-
tribute to define the mechanical threshold and the time course of 
adaptation of mechanoreceptors.

in mammals have largely focused on homologs of these candi-
dates. Additionally, many of these candidates are present in cuta-
neous mechanoreceptors and somatosensory neurones (Fig. 2).

Acid-sensing ion channels. ASICs belong to a proton-gated 
subgroup of the degenerin–epithelial Na+ channel family.74 Three 
members of the ASIC family (ASIC1, ASIC2 and ASIC3) are 
expressed in mechanoreceptors and nociceptors. The role of 
ASIC channels has been investigated in behavioral studies using 
mice with targeted deletion of ASIC channel genes. Deletion of 
ASIC1 does not alter the function of cutaneous mechanorecep-
tors but increases mechanical sensitivity of afferents innervating 
the gut.75 ASIC2 knockout mice exhibit a decreased sensitivity 
of rapidly adapting cutaneous LTMRs.76 However, subsequent 
studies reported a lack of effects of knocking out ASIC2 on both 
visceral mechano-nociception and cutaneous mechanosensa-
tion.77 ASIC3 disruption decreases mechano sensitivity of vis-
ceral afferents and reduces responses of cutaneous HTMRs to 
noxious stimuli.76

The transient receptor channel. THE TRP superfamily is 
subdivided into six subfamilies in mammals.78 Nearly all TRP 
subfamilies have members linked to mechanosensation in a vari-
ety of cell systems.79 In mammalian sensory neurones, however, 
TRP channels are best known for sensing thermal information 
and mediating neurogenic inflammation, and only two TRP 
channels, TRPV4 and TRPA1, have been implicated in touch 
responsiveness. Disrupting TRPV4 expression in mice has only 
modest effects on acute mechanosensory thresholds, but strongly 
reduces sensitivity to noxious mechanical stimuli.80,81 TRPV4 
is a crucial determinant in shaping the response of nociceptive 
neurones to osmotic stress and to mechanical hyperalgesia dur-
ing inflammation.82,83 TRPA1 seems to have a role in mechanical 
hyperalgesia. TRPA1-deficient mice exhibit pain hypersensitivity. 
TRPA1 contributes to the transduction of mechanical, cold and 
chemical stimuli in nociceptor sensory neurones but it appears 
that is not essential for hair-cell transduction.84,85

There is no clear evidence indicating that TRP channels and 
ASICs channels expressed in mammals are mechanically gated. 
None of these channels expressed heterologously recapitulates 
the electrical signature of mechanosensitive currents observed in 
their native environment. This does not rule out the possibility 
that ASICs and TRPs channels are mechanotransducers, given 
the uncertainty of whether a mechanotransduction channel may 
function outside of its cellular context (see section on SLP3).

Piezo proteins. Piezo protiens have been recently identified 
like as promising candidates for mechanosensing proteins by 
Coste and collaborators.86,87 Vertebrates have two Piezo mem-
bers, Piezo 1 and Piezo 2, previously known as FAM38A and 
FAM38B, respectively, which are well conserved throughout 
multi cellular eukaryotes. Piezo 2 is abundant in DRGs, whereas 
Piezo 1 is barely detectable. Piezo-induced mechanosensitive cur-
rents are prevented inhibited by gadolinium, ruthenium red and 
GsMTx4 (a toxin from the tarantula Grammostola spatulata).88 
Expression of Piezo 1 or Piezo 2 in heterologous systems pro-
duces mechanosensitive currents, the kinetics of inactivation 
of Piezo 2 current being faster than Piezo 1. Similar to endog-
enous mechanosensitive currents, Piezo-dependent currents have 
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Conclusion

Touch is a complex sense because it represents different tactile 
qualities, namely, vibration, shape, texture, pleasure and pain, 
with different discriminative performances. Up to now, the 
correspondence between a touch-organ and the psychophysical 
sense was correlative and class-specific molecular markers are 
just emerging. The development of rodent tests matching the 
diversity of touch behavior is now required to facilitate future 
genomics identification. The use of mice that lack specific sub-
sets of sensory afferent types will greatly facilitate identification 
of mechanoreceptors and sensory afferent fibers associated with 
a particular touch modality. Interestingly, a recent paper opens 
the important question of the genetic basis of mechanosensory 
traits in human and suggests that single gene mutation could 
negatively influence touch sensitivity.110 This underlines that the 
pathophysiology of the human touch deficit is in a large part 
unknown and would certainly progress by identifying precisely 
the subset of sensory neurones linked to a touch modality or a 
touch deficit.

In return, progress has been made to define the biophysical 
properties of the mechano-gated currents.64 The development 
of new techniques in recent years, allowing monitoring of mem-
brane tension changes, while recording mechano-gated current, 
has proved valuable experimental method to describe mechano-
sensitive currents with rapid, intermediate and slow adaptation 
(reviewed in Delmas and collaborators).66,111 The future will be 
to determine the role of the current properties in the mechanisms 
of adaptation of functionally diverse mechanoreceptors and the 
contribution of mechanosensitive K+ currents to the excitability 
of LTMRs and HTMRs.

The molecular nature of mechano-gated currents in mam-
mals is also a future promising research topic. Future research 
will progress in two perspectives, first to determine the role of 
accessory molecule that tether channels to the cytoskeleton 
and would be required to confer or regulate mechanosensitiv-
ity of ion channels of the like of TRP and ASIC/EnaC fami-
lies. Second, to investigate the large and promising area of the 
contribution of the Piezo channels by answering key questions, 
relative to the permeation and gating mechanisms, the sub-
set of sensory neurones and touch modalities involving Piezo 
and the role of Piezo in non neuronal cells associated with 
mechanosensation.

KCNK members belong to the two-pore domain K+ channel 
(K2P) family.99,100 The K2P display a remarkable range of regula-
tion by cellular, physical and pharmacological agents, including 
pH changes, heat, stretch and membrane deformation. These 
K2P are active at resting membrane potential. Several KCNK 
subunits are expressed in somatosensory neurones.101 KCNK2 
(TREK-1), KCNK4 (TRAAK) and TREK-2 channels are among 
the few channels for which a direct mechanical gating by mem-
brane stretch has been shown.102,103

Mice with a disrupted KCNK2 gene displayed an enhanced 
sensitivity to heat and mild mechanical stimuli but a normal 
withdrawal threshold to noxious mechanical pressure applied to 
the hindpaw using the Randall-Selitto test.104 KCNK2-deficient 
mice also displays increased thermal and mechanical hyperalge-
sia in inflammatory conditions. KCNK4 knockout mice were 
hypersensitive to mild mechanical stimulation, and this hyper-
sensitivity was increased by additional inactivation of KCNK2.105 
Increased mechanosensitivity of these knockout mice could mean 
that stretch normally activates both depolarizing and repolariz-
ing mechanosensitive currents in a coordinated way, similarly 
to the unbalance of depolarizing and repolarizing voltage-gated 
currents.

KCNK18 (TRESK) is a major contributor to the background 
K+ conductance that regulates the resting membrane poten-
tial of somatosensory neurones.106 Although it is not known if 
KCNK18 is directly sensitive to mechanical stimulation, it may 
play a role in mediating responses to light touch, as well as pain-
ful mechanical stimuli. KCNK18 and to a lesser extent KCNK3, 
are proposed to be the molecular target of hydroxy-α-sanshool, a 
compound found in Schezuan peppercorns that activates touch 
receptors and induces a tingling sensation in humans.107,108

The voltage dependent K+ channel KCNQ4 (Kv7.4) is crucial 
for setting the velocity and frequency preference of a subpopu-
lation of rapidly adapting mechanoreceptors in both mice and 
humans. Mutation of KCNQ4 has been initially associated with 
a form of hereditary deafness. Interestingly a recent study local-
izes KCNQ4 in the peripheral nerve endings of cutaneous rapidly 
adapting hair follicle and Meissner corpuscle. Accordingly, loss of 
KCNQ4 function leads to a selective enhancement of mechano-
receptor sensitivity to low-frequency vibration. Notably, people 
with late-onset hearing loss due to dominant mutations of the 
KCNQ4 gene show enhanced performance in detecting small-
amplitude, low-frequency vibration.109
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