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Abstract

Merkel cells are an enigmatic group of rare cells found in the skin of vertebrates. Most make
contacts with somatosensory afferents to form Merkel cell-neurite complexes, which are gentle-
touch receptors that initiate slowly adapting type I responses. The function of Merkel cells within
the complex remains debated despite decades of research. Numerous anatomical studies
demonstrate that Merkel cells form synaptic-like contacts with sensory afferent terminals.
Moreover, recent molecular analysis reveals that Merkel cells express dozens of presynaptic
molecules that are essential for synaptic vesicle release in neurons. Merkel cells also produce a
host of neuro-active substances that can act as fast excitatory neurotransmitters or
neuromodulators. Here, we review the major neurotransmitters found in Merkel cells and discuss
these findings in relation to the potential function of Merkel cells in touch reception.
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The somatosensory neurons that innervate our skin constantly update our brains about the
objects and environmental factors that surround us. A remarkable feature of our skin's
nervous system is that it encodes a diversity of chemicals, temperatures and physical forces
into membrane potential changes that trigger discrete neural signals. These signals are
processed by circuitry within the central nervous system to produce distinct percepts such as
touch, pain, warmth, cooling and itch. We rely on this information to navigate our
environment and avoid harm. For example, our sense of discriminative touch allows us to
perform countless essential behaviors, including feeding and clothing ourselves.

To initiate a range of sensations, cutaneous sensory neurons display an array of anatomical
specializations and physiological properties. They can be classified as Ap, A8, or C fibers
based on conduction velocity and degree of myelination.1=3 A B afferents are the fastest (~
35-75 m/s in humans and ~ 10-25 m/s in mice) due to their large diameters and thick
myelin sheets. C fibers, which have thin, unmyelinated afferents, are the slowest (~ 0.5-2 m/
s in humans and < 1 m/s in mice). Thinly myelinated AS fibers, which have fine axonal
diameters compared to AP afferents, fall between with conduction velocities of ~ 5-30 m/s
in humans and ~ 4-10m/s in mice. Sensory neurons can be further designated as
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mechanoreceptors, thermoreceptors and nociceptors, depending on their modality or the
sensory stimuli to which they respond.2=* Most high threshold mechanoreceptors,
thermoreceptors and nociceptors fall into AS or C fiber classes. These are thought to
terminate in free nerve endings innervating the epidermis, dermis or hair follicles. Most
tactile afferents, or low-threshold mechanoreceptors, are classified as Ap or Aé afferents.
The reader is cautioned that there are numerous exceptions to these general guidelines. For
example, a population of unmyelinated low threshold mechanoreceptors (C-tactile, CT),
with Eg):gnduction velocities of ~ 1 m/s in humans and mice, abundantly innervate hairy
skin.>

Tactile afferents terminate in morphologically specialized end-organs that govern their
mechanosensory responses and allow them to extract distinct features of a complex tactile
stimulus.237 For example, rapidly adapting afferents that encode vibration have
encapsulated endings called Meissner’s corpuscles and Pacinian corpuscles. A surprising
variety of rapidly adapting afferents also innervate hair follicles to signal hair movements.5
Slowly adapting afferents produce sustained discharges throughout mechanical stimulation.
The best characterized of these are slowly adapting type | (SAI) afferents, which are the A
afferents that form complexes with epidermal Merkel cells (Fig. 1).

Merkel cell-neurite complexes are required for SAl responses

Based on their distribution and response properties, SAl afferents are thought to encode
object features, such as shape, edges and curvature.” These afferents make contacts with
Merkel cells, which cluster in skin regions that are specialized for high tactile acuity. These
include fingertips, whisker follicles, (Fig. 1A) and touch domes, which are high-sensitivity
areas of hairy skin (Fig. 1B). Importantly, SAIl afferents have the highest spatial resolution
among mammalian touch receptors and they represent fine spatial details, such as Braille-
like characters, with fidelity.”

Though it is well established that Merkel cell-neurite complexes are gentle-touch receptors
that mediate SAI responses, the function of Merkel cells in discriminative touch is still a
mystery. Based on similarities to inner-ear hair cells, Merkel cells have been proposed to be
mechanosensory cells that transduce touch and activate afferent neurons by neurotransmitter
release.8:9 Parallels between mechanosensory hair cells and Merkel cells are notable. Merkel
cells have elongated microvilli suggestive of the hair cell’s mechanosensitive stereocilia.10
These cell types express the same developmental transcription factors, including mammalian
atonal homolog 1 (AtohI), growth factor independent 1 and PoudF2.11-15 Moreover, Atoh1
is absolutely essential for Merkel-cell development, as it is for hair cells,16-18

To test whether Merkel cells are required for touch sensation, the Cre-loxP system was used
to conditionally delete Afoh1 in the skin of mice. Merkel cells failed to develop in these
mice; however touch domes were still innervated by myelinated Ap afferents.18 A survey of
touch-sensitive afferents in ex vivo skin—nerve preparations revealed the selective and
complete loss of SAI responses in these mice. Maricich et al. subsequently reported that
Merkel-cell knockout mice show a loss of texture preference in behavioral assays.19 This
finding is exciting because it provides the first behavioral evidence that animals rely on SAI
responses for textural information. Together, these results indicate that epidermal Merkel
cells play an integral role in touch-evoked SAI responses;1® however, they do not
distinguish between a developmental requirement, a mechanosensory function, or an
accessory role.

Studies that disrupted Merkel cell-neurite complexes postnatally have yielded conflicting
results.2021 Removing Merkel cells from the epidermis by photoablation or enzymatic
treatment abolished slowly adapting responses in some studies but not in others.22-26 Mice
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lacking p75 neurotrophin receptor, which lose most Merkel cells postnatally, display slowly
adapting responses comparable to those of wild-type mice.2” This disparity from the Atoh1
phenotype may reflect methodological differences between studies, a developmental
requirement for Merkel cells, or a postnatal requirement for p75in SAI afferents. Additional
studies are needed to distinguish between these possibilities.

A second model for Merkel-cell function posits that Merkel cells are accessory cells rather
than sensory receptor cells.®28 For example, Merkel cells might release modulatory
neurotransmitters that shape the sensitivity of mechanosensitive afferents. Some
investigators have argued that the SAI afferent must be the site of mechanotransduction
because response latencies at touch onset (~ 200 ps) are too short to include synaptic
transmission from Merkel cells.2? A two receptor-site model, postulating that both Merkel
cells and afferent terminals contain mechanotransduction channels, reconciles these short
latencies with the Merkel cell’s sensory features.30 In this model, the SAI afferent
transduces the phasic component of touch, as do rapidly adapting afferents. It has been
proposed that Merkel cells mediate the tonic component of the SAI response. This
hypothesis has some support from electrophysiological evidence but remains to be
thoroughly tested,31-33

The Merkel cell’s synaptic-like contacts

The presence of synaptic-like contacts between Merkel cells and sensory afferents suggests
that Merkel cells are presynaptic cells. A substantial body of molecular evidence now
supports this hypothesis.13:34.35 Microarray analysis of purified mouse Merkel cells has
identified a number of synaptic molecules that are preferentially expressed in Merkel cells.13
These include essential presynaptic components such as active-zone scaffolding proteins,
SNARE complex genes, voltage activated calcium channels, calcium sensors such as
synaptotagmins 1 and 7, and neurotransmitter transporters. Enrichment at the protein level
has been verified for many of the key synaptic components.13:34:35 Furthermore, gene
ontology (GO) analysis has revealed that transcripts involved in synaptic transmission are
over-represented in Merkel cells (Fig. 2). It is worth noting that a few studies suggest that
Merkel cells might form reciprocal synapses with sensory afferents.36

Although there is no evidence of clear-core vesicles in Merkel cells, they do contain small,
dense-core vesicles, which cluster near synaptic-like densities that mark the junctions with
the afferent’s membrane.8:36:37 These vesicles show immunoreactivity for numerous
neurotransmitters that vary across species, including adenosine triphosphate (ATP),
serotonin (5-HT), vasoactive intestinal polypeptide (VIP), calcitonin gene related peptide
(CGRP), substance P, met-enkephalin, and cholecystokinin octapeptide (CCK8).%:13:38-47

Glutamate has also been implicated as a potential neurotransmitter at the Merkel cell-neurite
complex.13:31,32,34,48

This impressive array of neuro-active molecules poses an obvious question: what is the
nature of the signal transmitted at the Merkel cell-neurite complex? If Merkel cells act as
sensory receptor cells, sensory afferent terminals should contain ionotropic receptors to
specific excitatory neurotransmitters released by Merkel cells. On the other hand, if Merkel
cells modulate the SAI afferent’s response properties, sensory terminals might instead
express metabotropic receptors. Of the neurotransmitters that have been localized to Merkel
cells, three are classical, small-molecule neurotransmitters that have fast ionotropic
receptors: glutamate, serotonin, and ATP. Most other neurotransmitters identified in Merkel
cells are neuropeptides that, due to their slower mode of action, are more likely to serve
neuromodulatory roles than to mediate fast SAI responses.#® Functional studies that have
tested the involvement of synaptic transmission in Merkel cell-neurite signaling have
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provided conflicting evidence regarding sensory or modulatory roles.?1:31:32.38,5051 Ag 5
result, the functional significance of the Merkel cell’s synapse is still a mystery.

Classical neurotransmitters

Glutamate is the major excitatory neurotransmitter in vertebrates. The expression of the
vesicular glutamate transporter 1 (VGLUT1) or 2 (VGLUT?2) is the hallmark of
glutamatergic synapses. Expression of VGLUTL, 2, and 3 in Merkel cells has been reported
by several groups.13:34:35 Even before the discovery of VGLUTSs in Merkel cells, Fagan and
Cahusac demonstrated by electrophysiology that kynurenate, a broad-spectrum antagonist of
ionotropic glutamate receptors, attenuated SAI responses in rat whisker follicles.3!
Interestingly, kynurenate preferentially inhibited the tonic response but had little effect on
the phasic response, which lends support to the two receptor-site model. In the search for
ionotropic glutamate receptors in the Merkel cell-neurite complex, one was found: the
NMDA receptor, which is a heterotetramer comprising multiple NR1 subunits and at least
one NR2 subunit.>2 In the rat whisker follicle, Cahusac et a/. localized NR1 to Merkel cells
and sensory afferents.>0 Surprisingly, they localized the NR2 subunit to Merkel cells rather
than to their associated sensory afferents. Thus, their data suggest that it is the Merkel cells
and not the sensory afferents that express functional NMDA receptors.>® Tachibana et a/.
described an additional glutamate receptor expressed by Merkel cells, metabotropic
mGIuR5.38 Electrophysiological experiments with metabotropic glutamate receptor
antagonists have yielded confusing results, with some potentiating the SAI response and
others suppressing its activity.32:53 Though these findings might indicate that Merkel cell
glutamate receptors act as auto-receptors that govern Merkel cell output via a feedback
mechanism, Cahusac and Mavulati questioned the selectivity of glutamate receptor
antagonists used in their studies.32 They argue that these compounds might interfere with
SAl signaling, not by binding to glutamate receptors, but by inhibiting mechanotransduction
channels (or other targets associated with them). Thus, although several lines of evidence
support glutamatergic signaling in Merkel cells, how glutamate shapes the SAI response
remains an open question.

5-HT has been considered one of the major candidates for a neurotransmitter at the Merkel
cell-neurite complex since the discovery of serotonin-like immunoreactivity in Merkel cells
of various organisms.?4041.54.55 | ke glutamate, 5-HT has both ionotropic and metabotropic
receptors. Out of seven 5-HT receptors (5-HT,—5-HT>) only 5-HT3 is ionotropic.%6 Using 5-
HT, and 5-HT3 antagonists, He et al. were able to suppress, but not eliminate, rat SAI
responses, indicating that 5-HT signaling modulates SAI responses.>” Though they reported
that MDL 72222, an ionotropic 5-HT3 receptor antagonist, reduced rat SAI responses, 5-HT3
receptors have yet to be located in the Merkel cell-neurite complex. Furthermore,
metabotropic 5-HT; (though not 5-HT>) receptors have been localized on SAI afferent
terminals.>8 Together with the presence of 5-HT transporters in Merkel cells, these data
support the modulatory role of 5-HT in the Merkel cell-neurite complex.>8 Combing the
same 5-HT3 antagonist, MDL7222, with various levels of displacement, Press et al. were
able to completely abolish frog SAI responses, providing the first evidence for a fast
excitatory serotonergic transmission in the Merkel cell-neurite complex.33 Thus it is possible
that 5-HT can have a dual role in the Merkel cell-neurite complex: as a classical excitatory
neurotransmitter, and as a neuromodulator of the SAI response.33

Though glutamate and 5-HT have been discussed separately throughout this review, it is
possible that they are co-released from Merkel cells during mechanical stimulation. Merkel
cells express VGLUT3, which is also expressed in central serotonergic neurons.>%—51 Thus,
as proposed by Nunzi et al., VGLUT3-positive Merkel cells might co-release glutamate and
serotonin (or any other neurotransmitter for that matter) during tactile stimulation.3 In
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support of this hypothesis, Press et al. found that in frog Merkel cell-neurite complexes SAI
responses are shaped by both 5-HT and glutamate.33

ATP has been a neurotransmitter candidate since Toyoshima and Shimamura confirmed its
presence in finch Merkel-cell vesicles with a uranaffin reaction.3? In frogs, large diameter
DRG neurons, which include SAI afferents, express metabotropic P2Y1 ATP receptors and
application of ATP increases their activity.52 In the rat sinus hair follicle, Tachibana et a/.
located another metabotropic receptor, P2Y2, on Merkel cells but not on sensory afferents,38
Although a P2Y1 antibody did not show positive reaction, further histological and
physiological experiments are needed before conclusions can be made about the role of ATP
in Merkel cell-neurite signaling.

Neuropeptides

Merkel cells have been widely reported to produce neuropeptides, though their identities
vary from species to species. Even within a single species Merkel cells show heterogeneous
patterns of neuropeptide expression.#463.64 The most common neuropeptides reported in
Merkel cells are VIP, CGRP, substance P, met-enkephalin, somatostatin, and
CCK®8.1342-47.63 Boulais er al. demonstrated VIP release from cultured Merkel cells.55> Most
of these neuropeptides can modulate neuronal activity through metabotropic receptors
coupled to heterotrimeric G proteins.®® Tachibana et a/. found G, and G; immunoreactivity
in SAl afferent terminals of rat and monkey Merkel cell-neurite complexes.8” Since mostly
inhibitory neuropeptide receptors are G;j/Gq-coupled, it is possible that some of the
neuropeptides released by Merkel cells reduce SAI firing rates, though electrophysiological
data is still lacking.51:68 Interestingly, Tachibana and Nawa localized receptors for met-
enkephalin, VIP, substance P and CGRP to Merkel cells rather than sensory terminals,
suggesting autocrine or paracrine action of these neuropeptides on Merkel cells.>!

Some of the neuropeptides found in Merkel cells might serve neuroendocrine rather than
sensory functions. Indeed, a subpopulation of non-innervated Merkel cells, which exists in
mucosal tissues and hair follicles, have been proposed to be neuroendocrine cells.21.64.69
Merkel cells have been classified as a part of the amine precursor uptake and
decarboxylation (APUD) system.21:.70.71 As other cells of the APUD system, Merkel cells
have dense-core vesicles and are positive for biogenic amines and neuropeptides. Recent
reports posit that the neuroendocrine function of Merkel cells might impact skin
disorders.6%.72-74 |t is possible that distinct classes of Merkel cells serve different functions
in the skin. Indeed, recent reports propose two secretory pathways in rat Merkel cells: a
Ca?*-dependent pathway that serves mechanosensory function and neurotransmitter release,
and Ca?*-independent pathway that serves neuroendocrine functions and neuropeptide
release.%°:72 Functional studies, including the analysis of transgenic mouse models, are
needed to test this hypothesis.

Summary and open questions

Merkel cells are one of four conserved cell types in the vertebrate epidermis and yet much
about their biological function still remains unclear more than a century after Merkel’s
initial description.21.7>_ At this point, the role for Merkel cells in touch sensation seems
assured — the majority of Merkel cells throughout the vertebrate skin contact sensory
terminals, and they localize to highly touch-sensitive areas. Moreover, Merkel-cell knockout
mice lack SAI responses and display impaired texture-driven behaviors.
Electrophysiological data supports the two receptor-site hypothesis where initial, phasic
responses are mediated by SAI afferents, and slower, tonic responses by Merkel cells.32:33
In the last decade glutamate has emerged as the most likely neurotransmitter in the Merkel
cell-neurite complex, but confirming this will have to wait until additional experiments are
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performed. Further complicating this problem is accumulating evidence suggesting that
Merkel cells co-secrete multiple neuro-active substances that could be involved not only in
mechanoreception (transduction and modulation), but also in neuroendocrine roles unrelated
to mechanoreception,33:65.69.72

The morphology of Merkel cell-neurite contacts, which contains features of both fast
synaptic transmission and peptide-based neuromodulation, provides many intriguing
questions. Physiological and genetic experiments are needed to provide concrete answers.
Since both Merkel cells and SAI afferents are VGLUT2-positive, cell-type specific ablation
of glutamate signaling is needed to resolve the role of this neurotransmitter in touch-evoked
responses.3 To determine whether Merkel cells are required developmentally or postnatally
for SAI responses, rapid and selective Merkel-cell ablation is needed. For example, targeted
expression of diphtheria toxin receptor in adult Merkel cells could be achieved with Cre-
loxP technology and an appropriate Credriver. Optogenetic tools provide an opportunity to
selectively excite and/or inhibit Merkel cells while recording SAI activity. If SAI activity
can be provoked by exciting only Merkel cells with light, then Merkel cells indeed release
excitatory neurotransmitters. If Merkel cell inhibition with light completely abolishes touch-
evoked SAI responses, then Merkel cells not only release excitatory neurotransmitters but
also transduce mechanical stimuli. Given the recent explosion of genetic tools for selectively
manipulating the excitability of cell populations, we can expect to have a better
understanding of the intriguing Merkel cell and its functions in the near future.
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Figure 1.

Merkel cell-neurite complexes in mouse whisker follicles (A) and touch domes (B) from the
mouse hairy skin. Merkel cells, marked by keratin 8 (Krt 8; green) are in intimate contact
with myelinated sensory afferents, visualized with antibodies against neurofilament heavy
chain (NFH; red).
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Figure 2.

Gene transcripts involved in synaptic transmission and neurotransmitter release are enriched
in Merkel cells. This network is a product of a Gene Ontology (GO) analysis of transcripts
enriched in mouse Merkel cells.13 Compared with the mouse genome overall, genes
associated with synaptic transmission and neurotransmitter release are significantly
overrepresented in Merkel cells. Node size indicates the number of genes associated with a
particular GO term (function). For reference, the absolute (n) and relative (%) sizes of nodes
associated with synaptic transmission and neurotransmitter release are indicated. Node color
indicates the significance level (P value) of enrichment. Arrows show parent-child node
relationships.
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