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Abstract

The skin is our largest sensory organ, transmitting pain, temperature, itch, and touch information
to the central nervous system. Touch sensations are conveyed by distinct combinations of
mechanosensory end organs and the low-threshold mechanoreceptors (LTMRs) that innervate
them. Here we explore the various structures underlying the diverse functions of cutaneous LTMR
end organs. Beyond anchoring of LTMRs to the surrounding dermis and epidermis, recent
evidence suggests that the non-neuronal components of end organs play an active role in signaling
to LTMRs and may physically gate force-sensitive channels in these receptors. Combined with
LTMR intrinsic properties, the balance of these factors comprises the response properties of
mechanosensory neurons and, thus, the neural encoding of touch.

The skin, our largest organ, encompasses the entire body and mediates our sense of touch.
Neurophysiologically complex, the skin is innervated by a wide variety of sensory neuron
subtypes, including nociceptors, which sense painful stimuli; pruriceptors, which convey
itch; thermoreceptors, which register temperature information; and low-threshold
mechanoreceptors (LTMRs), which encode non-painful mechanical stimuli, or touch. We
use our sense of touch to recognize and manipulate objects, to communicate and socially
interact with one another, to appreciate the textures of the foods we eat, for procreation and
sexual pleasure, and in maternal nursing. The cutaneous end organs and the mechanosensory
neurons that innervate them have evolved to underlie a range of sensory functions, as
evidenced by the multitude of skin type specializations that are each innervated by a distinct
array of sensory neuron subtypes, reflecting the diversity of functions of touch neurons.

Mammalian skin comprises both hairy and nonhairy, or glabrous, skin. Glabrous skin is
predominantly found on the hands and feet of most mammals. In this context, glabrous skin
is specialized for discriminative touch, determining texture and shape to accurately
recognize objects and providing feedback to the central nervous system to mediate proper
grip control, reaching, and locomotion. Hairy skin covers more than 90% of the body
surface. It also serves a discriminative touch role, albeit with considerably lower spatial
acuity as compared with nonhairy skin. Hairy skin is strongly associated with affective
touch—that is, touch that evokes an emotional response, such as during nurturing. Other
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types of skin are highly specialized for the functional roles they play. The genitalia,
specifically the glans penis and glans clitoris, are specialized forms of glabrous skin, fine-
tuned for sexual pleasure sensation and reproductive reflexes. The skin of the lips, tongue,
and inner cheeks are specialized to aid in food localization and movement and to define
textural components of taste. In mammalian females, milk secretion is triggered by suckling
stimulation of the nipples. Moreover, some species have evolved skin that is highly
specialized for particular functions. Mystacial pads of nocturnal rodents have long whiskers
and are specialized for navigation and spatial orientation. The snouts of star-nosed moles
and the bills of tactile-foraging birds are specialized for locating prey. These particular skin
regions are associated with different combinations of LTMRS, making each region
neurophysiologically and functionally distinct.

Key to our understanding of the neurobiological basis of touch is determining how LTMR
end organs encode complex forms of tactile stimulation and how this encoding is then
integrated and processed within the central nervous system. LTMR subtype central
projections terminate within somatotopic columns in the dorsal horn of the spinal cord, with
a subset also sending collaterals to the dorsal column nuclei of the brainstem (1). Dorsal
horn columns contain interneurons that are thought to process touch information, as well as
projection neurons that carry this processed information to the brainstem and higher cortical
areas [for a review of central processing, see (2)]. Here we explore the mechanosensory end
organs of the skin, focusing on the physiological, morphological, and ultrastructural
properties of LTMRs and their associated non-neuronal cells, and we hypothesize how
different end organs give rise to the distinct response properties and functions that define
mammalian touch neurons.

LTMRs of hairy and glabrous skin

The LTMRs are a heterogeneous group of sensory neurons. Just as the gustatory system has
distinct sensory receptors optimally tuned to detect sweet, sour, salty, umami, or bitter
tastants, LTMRs are divided into subtypes distinguished by their distinct sensitivities,
conduction velocities, and adaptation to sustained mechanical stimulation. For example,
slowly-adapting (SA) touch receptors are indentation detectors, firing continuously during a
sustained stimulus, whereas rapidly-adapting (RA) touch receptors are velocity detectors
that respond only to the onset and offset of indentation. In glabrous skin, four types of
LTMRs with fast conduction velocity (Ap LTMRs) have been defined (Fig. 1), each with a
distinct terminal morphology and tuning property (3-5): (i) AR SA1-LTMRs innervate
Merkel cells in the basal epidermis and report the static nature of touch stimuli, (ii) AR SA2-
LTMRs are hypothesized to terminate in Ruffini corpuscles in the dermis and are
particularly sensitive to skin stretch, (iii) Ap RA1-LTMRs innervate Meissner’s corpuscles
in dermal papillae and are sensitive to movement across the skin, and (iv) Ap RA2-LTMRs
terminate in Pacinian corpuscles deep in the dermis and are tuned to high-frequency
vibration (6-8).

In hairy skin, several LTMRs form specialized terminals associated with hair follicles,
allowing the sense of touch to extend beyond the skin surface (Fig. 2). A SA1-LTMRs and
Merkel cells form complexes called touch domes to detect skin indentation (9, 10). The hair
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follicle shaft is supplied by collars of mechanoreceptor terminals, including at least three
LTMR subtypes that exhibit longitudinal lanceolate endings and one type that has
circumferential endings. These subtypes differ in their sensitivities, adaptation properties,
and conduction velocities (1, 11). The neck of the hair follicles and the adjacent epidermis
are penetrated by unmyelinated LTMRs with free nerve endings (12). At least one type of
unmyelinated, slowly-conducting LTMR has endings localized solely to hairy skin and is
implicated in pleasurable touch sensation in humans (13). Thus, morphological and
neurophysiological differences in glabrous- and hairy-skin LTMRs define the distinct
sensory functions of glabrous and hairy skin.

The form that underlies function of cutaneous touch receptors

Merkel cell/Ag SA1-LTMR mechanotransduction

How do ultrastructural features of mechanosensory end organs in hairy and glabrous skin
underlie LTMR response properties and functions? It is instructive to first consider the end
organ that is shared by hairy and glabrous skin, the Merkel cell/Af SA1-LTMR complex.
Originally described as “touch corpuscles” by Friedrich Merkel in 1875, they are a group of
specialized oval cells in the epidermis of glabrous skin that are innervated by sensory fibers
and were thus reasoned to mediate mechanosensation. Later termed “Merkel cells,” clusters
of these cells are observed in the basal layer of the epidermis of many specialized skin types,
including a dome-shaped bulge close to guard hairs of rodent hairy skin, mammalian
glabrous skin, the noses of moles, the wings of bats, whisker pads, the mucosa of the mouth
and lips, and elsewhere (14). These complexes are infrequent or absent in skin regions in
which spatial acuity is not paramount, such as the genitalia (15, 16). Ap SA1-LTMR
responses to static indentation include a high-frequency dynamic phase during initial skin
indentation and lower-frequency, tonic firing during prolonged indentation. Functionally,
studies mainly performed in humans and other primates indicate that the glabrous-skin
Merkel cell/Ap SA1-LTMR complex conveys information about texture, curvature, and
object shape with high spatial acuity (7, 17).

The Merkel cell is anchored within the epidermis by thin cytoplasmic protrusions projecting
to keratinocytes and by desmosomes (9). These physical connections link movement and
compression of the skin to mechanical stress on Merkel cells. Ap SA1-LTMR endings
exhibit stereotyped discoid enlargement and connect to the dermal side of each Merkel cell.
Synapse-like structures at the junction between A SA1-LTMR endings and Merkel cells
have been described in multiple species and include a postsynaptic-like thickening of Ap
SA1-LTMR axon terminal membranes and the presence of presynaptic protein and
neurotransmitter in the Merkel cells (18-20). However, small, clear synaptic vesicles
typically associated with fast neurotransmission are absent in Merkel cells, and instead
dense-core vesicles are seen clustered near the presumptive postsynaptic region of axonal
endings (Fig. 3A). These dense-core vesicles are hypothesized to release neuropeptides
rather than classical neurotransmitters, thus modulating A SA1-LTMR responses.

Taste receptor cells in the gustatory system and hair cells of the auditory system are
prominent examples of non-neuronal cells participating in stimulus transduction (21, 22), yet
it was only recently shown that an analogous situation occurs in touch sensation. Merkel
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cells, both in culture and ex vivo, exhibit mechanically activated currents, which are absent
after loss of the mechanically activated cation channel Piezo2 (23, 24). Moreover,
optogenetic activation of Merkel cells is alone sufficient to evoke a SA discharge in Af
SA1-LTMRs, whereas ablation or functional inactivation of Merkel cells leads to a
reduction in both the dynamic and static phases of Ap SA1-LTMR firing in response to skin
indentation (24, 25). Thus, both Merkel cells and Ap SA1-LTMRs directly respond to
mechanical force applied to the skin, and Merkel cells signal to AR SA1-LTMRs to achieve
optimal activation of the LTMR. A new principle, that non-neuronal components of
cutaneous touch complexes detect stimuli and potentiate LTMR responses, has thus begun to
emerge.

Glabrous corpuscle LTMR transduction mechanisms

Do non-neuronal cells of the skin mediate mechanotransduction in other cutaneous
mechanosensory end organs? We explore two different corpuscles, both of which are rapidly
adapting end organs discovered more than 150 years ago. Nestled within dermal papillae of
glabrous skin, Meissner corpuscles are composed of flattened lamellar cells that form an
ellipsoid structure perpendicular to the skin surface, with one or more tortuous Ap RA1-
LTMR axons meandering throughout (26, 27). In contrast, the larger Pacinian corpuscles are
found deep in the dermis of glabrous skin and, in some species, in hairy skin and non-
cutaneous tissues including the mesentery and periosteum. Pacinian corpuscles are oval-
shaped, contain layered lamellae, and reach up to 3 to 4 mm in length in adult human hands
(28, 29). Both Meissner and Pacinian corpuscles are innervated by RA LTMRs tuned to
vibration and motion across the skin, in contrast to the static mechanical indentation
encoded by Merkel cells/AB SA1-LTMRs. Psychophysical studies in humans have described
two coding channels of vibration, with low-frequency sinusoids perceived as flutter and
high-frequency stimulation detected as vibration (8). AR RA1-LTMRs, which are tuned to
low-frequency vibrations under 40 Hz, can detect the slip of an object in the hand (5, 8, 30)
and may be essential for reflex grip control. On the other hand, Pacinian corpuscle afferents,
or AR RA2-LTMRs, are tuned to high-frequency stimulation, with optimal activation around
200 Hz, and thus are involved in detecting vibration of held objects (3, 31, 32).

The non-neuronal components of Meissner and Pacinian corpuscles are quite distinct, and
their arrangement within the corpuscle offers clues about how vibration and dynamic
movement across the skin are encoded. Each disc-like unit of the Meissner corpuscle
consists of an unmyelinated axon terminal swelling surrounded by flattened Schwann cell-
derived lamellar cells (26, 33). These discoid units are serrated on their external surfaces and
smooth on their inner surfaces and are connected to collagen fibers that traverse the
surrounding fibroblast capsule (Fig. 3B) (27, 34). Substantial convergence occurs, a s a
single AB RAL-LTMR innervates multiple Meissner corpuscles (6). During indentation,
force is transduced via collagen fibers connected to the serrated edges of the lamellar cells,
which leads to bending of AR RA1-LTMR axon terminals until the smooth lamellar cell
middle compresses. This compression generates action potentials during stimulus onset and
produces a RA response (33, 34). How this mechanism results in Meissner corpuscle
sensitivity at the low end of the frequency stimulation range is unknown.
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“We use our sense of touch to recognize and manipulate objects, to communicate
and socially interact with one another, to appreciate the textures of the foods we
eat, for procreation and sexual pleasure, and in maternal nursing.”

In contrast to the layered lamellae organization of Meissner corpuscles, the non-neuronal
components of Pacinian corpuscles are arranged in concentric lamellae, consisting of an
inner core, an intermediate layer or growth zone, and an outer zone. The inner core is
composed of tightly packed, bilaterally symmetric hemilamellar cells distributed along both
sides of the AB RA2-LTMR axon terminal, with small-diameter collagen fibers coursing
longitudinally in the clefts between them (6, 35). The outer zone, about three times thicker
than the inner core, is composed of concentrically arranged, flattened, and overlapping
lamellar cells interspersed with circularly oriented type Il collagen fibers in the fluid-filled
extracellular space (35, 36). A single heavily myelinated axon penetrates each corpuscle. Its
unmyelinated axonal branches, or filopodia, project radially into the clefts between the
inner-core hemilamellar cells (Fig. 3C) (29, 37). The lamellar composition is believed to be
responsible for the AR RA2-LTMR’s encoding of high-frequency vibration, postulated in a
model proposed more than 50 years ago: Pacinian corpuscle outer-core lamellar cells and
surrounding fluid act as a high-pass filter that dampens low-frequency mechanical stimuli
while allowing the slightest high-frequency vibration to reach axonal filopodia via
interconnected collagen fibers. The depolarizing generator potentials of the filopodia
converge and summate on the primary axon (38). Therefore, the cylindrically layered
ultrastructure of Pacinian corpuscles facilitates the high-frequency sensitivity of A RA2-
LTMRs.

Do corpuscle lamellar cells actively govern Ap RA1-LTMR and A RA2-LTMR responses,
analogous to what is observed in Merkel cell/Ap SA1-LTMRs, or do they simply serve a
structural role, positioning the respective LTMR endings to detect vibration and movement
within the dermis? For the Pacinian corpuscle, studies in cats have revealed that inner-core
lamellar cells have glutamate and y-aminobutyric acid (GABA) receptors, vesicular
glutamate transporters, synaptic proteins, synapse-like thickenings, and clear-core vesicles
on both sides of the area adjacent to axonal filopodia and lamellae intersections. Glutamate
and GABA receptor antagonists modulate electrophysiological responses of Ap RA2-
LTMRs (39, 40). These findings suggest that Pacinian corpuscle lamellar cells can modulate
AB RA2-LTMR responses and potentially even transduce force directly. Future studies are
needed to determine whether an active role of non-neuronal cells of cutaneous LTMR end
organs is the rule rather than the exception during mechanotransduction.

Hair follicle LTMR mechanotransduction mechanisms

Hair follicles are neurophysiologically complex mechanosensory organs. Apart from the
SA1/Merkel cell complex, hair follicles are innervated by collars of LTMR terminals located
just below the level of the sebaceous gland in both rodents and primates. The outer region of
this sensory collar contains circumferential endings, whose physiological properties and
functions remain unknown (11, 41). The inner region is composed of three types of
longitudinal lanceolate terminals, comb-like protrusions aligned parallel to the hair follicle.
These longitudinal lanceolate endings—belonging to Ap RA-LTMRs, A8-LTMRs, and C-
LTMRs—are all sensitive to hair deflection and light touch of the skin, yet they have
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distinct conduction velocities (with Ap > AS > C) (1, 42, 43). Similar to A RA1-LTMRSs
associated with Meissner corpuscles in glabrous skin, lanceolate AB RA-LTMRs and A8-
LTMRs are rapidly adapting and sensitive to movement and low-frequency vibration,
despite slight differences in tuning properties (43-45). In rodent trunk skin, lanceolate C-
LTMRs are intermediately adapting. Their electrophysiological properties resemble those of
C-LTMRs in humans, which are optimally tuned to stroking of the skin at rates that are
deemed pleasurable, thus implicating C-LTMRs in “emotional touch” (46, 47).

Despite their differences in sensitivity and encoding, the three types of lanceolate-ending
LTMRs have virtually identical terminal structures (Fig. 4) (1, 48). All lanceolate terminals
are shaped like flattened cylinders and are sandwiched between two or three terminal
Schwann cell processes. The inner face of the axon directly abuts the basal lamina of hair
follicle outer root sheath cells, with no intervening Schwann cell process, enabling a close
apposition of LTMR axon terminal membranes and hair follicle keratinocytes.
Longitudinally oriented collagen fibers fill the extracellular space between and around each
lanceolate ending-terminal Schwann cell unit, which may provide structural support for the
lanceolate complex (48, 49).

How does hair deflection result in excitation of LTMR lanceolate endings and,
subsequently, LTMR firing? Electron microscopy has been used to demonstrate that large
numbers of hemidesmosomes are distributed along hair follicle epithelial cell membranes
and that fine filaments appear to project from these hemidesmosomes to directly contact
both LTMR lanceolate endings and terminal Schwann cell processes (Fig. 4B) (48). These
filaments may serve to either simply anchor axon terminals to hair follicles or perhaps
function as a kind of protein tether necessary for mechanotransduction of lanceolate-ending
LTMRs. The protein tether hypothesis posits a mechanism analogous to that seen in the
auditory system, in which tip links that connect stereocilia of cochlear hair cells transduce
stereocilia movements to the opening of force-gated ion channels (22). In support of such a
model for hair follicle lanceolate endings, protein tethers extend between cultured
somatosensory neuron axons and fibroblasts, and chemical ablation of these tethers leads to
a loss of mechanically activated currents (50). Thus, a physical connection between hair
follicle epithelial cells and LTMR lanceolate endings may underlie LTMR excitation during
hair deflection. Future challenges include understanding the contributions of hair follicle
epithelial cells, terminal Schwann cells, and putative mechanical tethers in the transduction
of hair deflection to LTMR excitation.

Cutaneous LTMRs and the neural encoding of touch

Like individual instruments in an orchestra, each LTMR subtype conveys a specific feature
of the forces acting on the skin, collectively culminating in a musical symphony of neural
impulses that the brain translates as a touch. Each LTMR end organ has similar basic
components: sensory axon terminals, associated non-neuronal components (e.g., lamellar
cells, Merkel cells, epithelial cells, and/or terminal Schwann cells), and contacts between
them and the surrounding cells of the skin. Deciphering the underlying principles that
govern transduction at LTMR axon terminals in the skin will reveal the mechanisms by
which LTMR subtypes are tuned to deliver distinct components of touch sensation.
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As neuroscientists, our instinct is to focus on how intrinsic physiological properties of
neurons define their diverse tuning properties. As in the case of distinguishing lanceolate-
ending LTMRs from one another, intrinsic determinants appear to be a predominant factor
underlying physiological differences of LTMR subtypes [for a detailed discussion, see (45)].
Yet the ultrastructure of mechanosensory end organs plays an equal, if not more important,
role in defining the responses of LTMRs. Be it structural filtering, physical tethering, or
active propagation or modulation of force sensation, non-neuronal end organ components
contribute heavily to the neural dialogue between the skin and the brain. The challenge for
future research is to explore how the balance of intrinsic LTMR physiological properties and
structural features of LTMR end organs underlies the neural encoding of each LTMR
subtype. Ultimately, it is the combination of distinctively constructed touch end organs,
highly specialized for each skin type, that produces myriad ensembles of LTMR activity
patterns that are represented and processed in the spinal cord and brain and enables the
richness of touch perceptions.
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Fig. 1. LTMR innervation of glabrousskin
Glabrous skin is innervated by AR LTMRs, including Ap SA1-LTMRs terminating in

Merkel cells, Ap SA2-LTMRs hypothesized to end in Ruffini endings, AB RA1-LTMRs
innervating Meissner corpuscles, and Ap RA2-LTMRs ending in Pacinian corpuscles. Green
boxed regions are shown in greater detail in Fig. 3 (here, the letters “A,” “B,” and “C”
correspond to panels with the same names in Fig. 3). SC, stratum corneum; SL, stratum
lucidum; SG, stratum granulosum; SS, stratum spinosum; SB, stratum basale.

AB SA2-LTMR

Ap RA2-LTMR
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Fig. 2. LTMR innervation of hairy skin
Hairy skin in rodents is innervated by distinct combinations of LTMRs. Touch domes of

Merkel cells and associated Ap SA1-LTMRs are found above the level of the sebaceous
glands of guard hair follicles. Guard hairs are also innervated by Ap RA-LTMR lanceolate
endings. Awl/auchene hairs are innervated by all three types of lanceolate-ending LTMRs:
AP RA-LTMRs, A3-LTMRs, and C-LTMRs. Zigzag hairs, the most numerous, are
innervated by AS-LTMRs and C-LTMRs. Circumferential endings encircle the longitudinal
lanceolate endings of all three types of hair follicles. The white boxed region is shown in
greater detail in Fig. 4.
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Fig. 3. LTMR end organs of glabrous skin
(A) Merkel cells are located within the basal layer of the epidermis, innervated by a single

AP SA1-LTMR. Cytoplasmic protrusions of the Merkel cell and hemidesmosomes
physically link Merkel cells to surrounding epithelial cells. Dense-core vesicles are located
inside the Merkel cell in close proximity to the enlarged axon terminal and are thought to be
involved in signaling between the Merkel cell and the neurite. Recent evidence revealed
Merkel cells to be mechanically sensitive and to play an active role in mechanotransduction
(white arrows). (B) Meissner corpuscles are located within dermal papillae and are
innervated by one or more A RA1-LTMRs. The external capsule is linked to both the
lamellar cells and the epidermis via collagen fibers. (C) Pacinian corpuscles are located in
the deep dermis, contain layered lamellar cells, and are innervated by a single A RA2-
LTMR. Axonal protrusions project from the neurite into the cleft between inner-core
lamellar cells and are thought to be the sites of generator potentials. Longitudinal and
circumferential collagen fibers anchor the inner core and outer zone, respectively.
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Fig. 4. LTMRs associated with mouse hair follicles
(A) Innervation pattern of Awl/auchene hair follicles. Terminal Schwann cells surround all

three types of interdigitated lanceolate endings, as well as the circumferential ending(s). (B)
Cross-sectional view of (A), based on electron microscopic analysis. Terminal Schwann
cells surround lanceolate endings on either side, with a gap in coverage facing the hair
follicle hair cells. Putative protein tethers may connect hair follicle epithelial cells with
LTMRs and terminal Schwann cells, while both longitudinal and circumferential collagen
fibers provide a supporting role.
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