1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

%,
/f
Yeyvaaa

/ HHS Public Access

Author manuscript
Neuron. Author manuscript; available in PMC 2019 December 19.

Published in final edited form as:
Neuron. 2018 December 19; 100(6): 1401-1413.e6. doi:10.1016/j.neuron.2018.10.034.

MERKEL CELLS ACTIVATE SENSORY NEURAL PATHWAYS
THROUGH ADRENERGIC SYNAPSES

Benjamin U. Hoffman12, Yoshichika Babal, Theanne N. Griffithl, Eugene V. Mosharov3,
Seung-Hyun Woo*#, Daniel D. Roybal®, Gerard Karsenty®, Ardem Patapoutian*’, David
Sulzer3, and Ellen A. Lumpkin1:2:8.7

1Dept of Physiology & Cellular Biophysics, Columbia University, New York, NY
2Program in Neurobiology & Behavior, Columbia University, New York, NY

3Depts of Psychiatry, Neurology and Pharmacology, Columbia University: Division of Molecular
Therapeutics, New York State Psychiatric Institute, New York, NY

4The Scripps Research Institute, La Jolla, CA

SPharmacology Graduate Program, Columbia University, New York, NY

8Department of Genetics and Development, Columbia University, New York, NY

"Howard Hughes Medical Institute

8Dept of Dermatology, Columbia University, New York, NY

*Current Address: Genomics Institute of the Novartis Research Foundation, San Diego, CA

TLead Contact: Ellen A. Lumpkin, Ph.D., eal2166@columbia.edu

SUMMARY

Authors and Contributors

Conceptualization: BUH, EAL

Methodology: BUH, YB, TNG, EM, SW, AP, DZ, EAL

Software: BUH, YB

Formal Analysis: BUH, TNG, EAL

Investigation: BUH, YB, TNG, EM, SW, DR

Resources: GK

Data Curation: BUH, EAL

Writing- Original Draft: BUH, EAL

Writing-Review and Editing: BUH, SHW, TNG, EVM, GK, AP, DS, EAL

Visualization: BUH, TNG

Supervision: EAL

Project Administration: EAL

Funding Acquisition: BUH, EAL, AP

DECLARATIONS OF INTERESTS

The authors declare no competing interests.

Data and Software Availability

The RNA-seq data are accessible at Gene Expression Omnibus (GEO: GSE114336). Spike sorting and ex vivo data analysis software
is freely available at www.github.com/buh2003/spikesortingPCA_DBSCAN. All other data are available from the authors upon
request.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://www.github.com/buh2003/spikesortingPCA_DBSCAN

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hoffman et al. Page 2

Epithelial-neuronal signaling is essential for sensory encoding in touch, itch and nociception;
however, little is known about the release mechanisms and neurotransmitter receptors through
which skin cells govern neuronal excitability. Merkel cells are mechanosensory epidermal cells
that have long been proposed to activate neuronal afferents through chemical synaptic
transmission. We employed a set of classical criteria for chemical neurotransmission as framework
to test this hypothesis. RNA sequencing of adult mouse Merkel cells demonstrated that they
express presynaptic molecules and biosynthetic machinery for adrenergic transmission. Moreover,
live-cell imaging directly demonstrated that Merkel cells mediate activity- and VMAT-dependent
release of fluorescent catecholamine neurotransmitter analogues. Touch-evoked firing in Merkel-
cell afferents was inhibited either by pre-synaptic silencing of SNARE-mediated vesicle release
from Merkel cells or by neuronal deletion of B,-adrenergic receptors. Together, these results
identify both pre- and postsynaptic mechanisms through which Merkel cells excite
mechanosensory afferents to encode gentle touch.
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Hoffman et al. reveal the molecular machinery underlying neurotransmission at a gentle-touch
receptor. Employing Eccles’ classical criteria for a chemical synapse, they show that epithelial
Merkel cells communicate with sensory neurons through p2-adrenergic receptors at excitatory
synapses.

INTRODUCTION

As a sensory-neural organ, skin provides both a protective barrier and an environmental

interface that allows organisms to react to changing conditions. Signaling between epithelial
cells and somatosensory neurons shape touch, itch, nociception and chemoreception (Wilson
etal., 2013; Maksimovic et al., 2014; Baumbauer et al., 2015; Pang et al., 2015; Moehring et
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al., 2018; Bellono et al., 2017). Little is known, however, about the mechanisms through
which skin cells release neuroactive molecules to govern neuronal excitability.

Since their initial description as “fouch cells”, Merkel cells have served as the archetypical
skin cell that mediates somatosensation (Merkel, 1875). These epithelial derived cells
complex with AR low-threshold mechanoreceptors (LTMRS) to produce slowly adapting
type I (SAI) responses (Iggo and Muir, 1969; Woodbury and Koerber, 2007; Maricich et al.,
2009; Morrison et al., 2009; Van Keymeulen et al., 2009). Recent work has demonstrated
that Merkel cells mediate sustained SAI responses through Piezo2-dependent ion channels
(Ikeda et al., 2014; Maksimovic et al., 2014; Woo et al., 2014). Moreover, optogenetics
revealed that Merkel cells are necessary and sufficient to evoke sustained firing in AR
LTMRs (Maksimovic et al., 2014). These studies establish Merkel cells as mechanosensory
receptor cells, but the mechanisms through which these epidermal cells activate sensory
neurons is still debated.

A longstanding model is that Merkel cells form chemical synapses with sensory afferents
(Tachibana and Nawa, 2002; Maksimovic et al., 2013). Consistent with this hypothesis,
Merkel cells are enriched in molecules that mediate synaptic vesicle release, and are
immunoreactive for neurotransmitters, neuromodulators and neurotransmission machinery
(Fantini and Johansson, 1995; Garcia-Caballero et al., 1989; Hartschuh and Weihe, 1988;
Garcia-Caballero et al., 1989; Fantini and Johansson, 1995; Weihe et al., 1998; Leung and
Wong, 2000; Haeberle et al., 2004; Tachibana and Nawa, 2005; Maksimovic et al., 2013). At
the ultrastructural level, Merkel cells form synaptic-like contacts with sensory terminals;
however, these are marked by dense-core vesicles rather than clear-core vesicles that
typically mediate fast synaptic transmission (Andres, 1966; Breathnach and Robins, 1970;
Chen et al., 1973; Mihara et al., 1979). Several studies have proposed the Merkel-cell neurite
complex is either serotonergic or glutamatergic (Fagan and Cahusac, 2001; He et al., 2003;
Hitchcock et al., 2004; Cahusac et al., 2005; Press et al., 2010; Chang et al., 2016).
Nonetheless, direct functional evidence is lacking to identify the Merkel cell’s presynaptic
mechanisms and the neurotransmitter receptor(s) that act cell-autonomously in sensory
neurons. Thus, we sought to systematically dissect molecular mechanisms that mediate
neurotransmission at the Merkel cell-neurite complex.

As a framework for this analysis, we turned to the work of Eccles, who proposed a set of
fundamental criteria for a bona fide chemical synapse based on Dale and Loewi’s pioneering
studies (Dale, 1937; Loewi, 1937; Eccles, 1964): 1) biosynthetic and degradative
mechanisms for chemical transmission must be present in the presynaptic cell, 2)
neurotransmitter must be present in the presynaptic cell, 3) neurotransmitter must be
released when the presynaptic cell is stimulated, 4) the postsynaptic cell must be activated
(or inactivated) by direct application of the neurotransmitter, and 5) pharmacological
antagonism of the neurotransmitter must block the physiological action of the postsynaptic
cell. By evaluating these classical criteria, we demonstrate that Merkel cells form SNARE-
dependent chemical synapses that excite touch-sensitive neurons through adrenergic
receptors.
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RESULTS

Merkel cells are presynaptic, catecholaminergic cells

A handful of presynaptic proteins have been localized to Merkel cells; however, a genome-
wide analysis of presynaptic signaling molecules in adult Merkel cells is lacking. We
performed RNA sequencing (RNA-seq) on Merkel cells and keratinocytes purified from
adult mice expressing an Atoh1-GFP fusion protein (Atoh1%77), which selectively marks
Merkel cells in skin (Fig. 1A; Haeberle et al., 2004; Rose et al., 2009; Woo et al., 2014).
RNA-seq analysis identified 3,364 genes that were differentially expressed between Merkel
cells and basal keratinocytes (Fig. 1B, C; Table S1). Next, we generated a list of 542 genes
encoding presynaptic molecules based on proteomic analyses of presynapses and gene
ontology annotations (Table S2; Abul-Husn et al., 2009; Boyken et al., 2013; Aken et al.,
2017; Blake et al., 2017). Of these, 123 genes were enriched in adult Merkel cells (Fig. 1D),
in agreement with previous studies of neonatal Merkel cells (Haeberle et al., 2004). Merkel
cell-enriched molecules span a wide range of presynaptic structures and functions, including
the active zone, adhesion and cell surface, dense-core and synaptic vesicles, ion channels,
transporters and receptors, neurotransmitter synthesis, and SNAREs. Thus, adult Merkel
cells encode all the presynaptic machinery necessary for regulated release of
neurotransmitters.

Dense-core vesicles package neuropeptides and small-molecule neurotransmitters such as
monoamines, which are capable of exciting action potentials in neurons (Araneda and
Firestein, 2006; Ramirez-Franco et al., 2016; Zhou et al., 2016). Monoamines include
tryptophan-derived serotonin (5HT) and tyrosine-derived catecholamines, such as dopamine,
epinephrine and norepinephrine. We noted that Merkel cells express tyrosine hydroxylase
(7h), which encodes the rate-limiting enzyme in catecholamine synthesis (Fig 1D; Molinoff
and Axelrod, 1971). To verify that Merkel cells express 74, we performed
immunohistochemistry on full thickness skin specimens from 7477 reporter mice (Fig. 1E;
Matsushita et al., 2002). Merkel cells and their AB LTMR afferents were identified by
immunoreactivity to keratin 8 (K8) and neurofilament heavy chain (NFH), respectively
(Vielkind et al., 1995; Maricich et al., 2009). Ninety-four percent of K8-positive Merkel
cells expressed Th-GFP (=406 Merkel cells from two mice). Merkel cells were also
immunoreactive for TH protein (Fig. 1F). Along with 75, adult mouse Merkel cells express
Slc18a2 transcripts encoding VMAT?2 (Table S2; 2.6+0.1; RPKM, mean+SEM, =2
replicates), which preferentially loads catecholamines into synaptic vesicles, and Maoa
transcripts (18.3£1.3), which encodes a key neuronal enzyme for monoamine degradation
(Erickson et al., 1996; Shih et al., 1999). Thus, Merkel cells possess the machinery to
synthesize catecholamines and load them into secretory vesicles.

Which catecholamines might Merkel cells synthesize? We performed high performance
liquid chromatography (HPLC) coupled with electrochemical detection of monoamine
neurotransmitters on whisker follicles, which are highly enriched in Merkel cells (Feigin et
al., 2001; Larsen et al., 2002). Follicles were micro-dissected to reduce vascular
contributions. To quantify the Merkel cell-dependent neurotransmitter content, we compared
whisker follicles from adult KZ74<"¢;Atoh1-4¢Z/f mice, which lack Merkel cells, to littermate
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controls, and found that norepinephrine was reduced by one-third in samples lacking Merkel
cells (Fig. SLIA-C). Given that whisker follicles are highly vascularized, sympathetic
innervation is a likely source of residual norepinephrine in mice lacking Merkel cells.
Epinephrine and 5HT were comparable between genotypes, and dopamine was not detected.
The lack of dopamine suggests that dopamine is efficiently converted to norepinephrine in
the follicle. Indeed, Merkel cells were immunoreactive for dopamine beta hydroxylase
(DBH), which synthesizes norepinephrine from dopamine (Fig. S1D). These data suggest
that epidermal Merkel cells are a significant source of norepinephrine but not 5HT,
epinephrine or dopamine.

We were surprised to find that Merkel cells did not contribute to 5HT levels in whisker
follicles, given that previous studies proposed that Merkel cells are serotonergic (He et al.,
2003; Press et al., 2010; Chang et al., 2016; Chang et al., 2017). Consistent with our HPLC
data, transcripts for the rate-limiting enzymes for 5HT bio-synthesis were not detected in
adult mouse Merkel cells (7ph1, 0.13£0.02; 7ph2, 0.01£0.01; RPKM, mean£SEM).
Moreover, analysis of a transgenic GFP reporter strain for the ionotropic 5HT3a receptor
revealed that NFH* AR afferents that contacted mouse Merkel cells in touch domes and
whisker follicles were not immunoreactive for SHT3a-GFP (Fig. S1E; Gong et al., 2003).
Instead, 5SHT34-GFP-expressing afferents lacked NFH immunoreactivity, indicating that
they are unmyelinated C fibers or thinly myelinated A6 fibers. These data are consistent
with the role of 5HT3 in nociception (Zeitz et al., 2002; Kayser et al., 2007). Thus, we
conclude that Merkel cell-neurite complexes in adult mice do not form 5HT3a-dependent
serotonergic synapses.

In summary, these molecular and electrochemical results fulfill the first two of Eccles’s
criteria for a classical chemical synapse. Merkel cells express the biosynthetic and
degradative machinery for adrenergic neurotransmitters. Moreover, the neurotransmitter
norepinephrine in whisker follicles is dependent on Merkel cells. These results identify
norepinephrine as a candidate neurotransmitter at Merkel cell-neurite complexes.

mediate uptake and touch-stimulated release of fluorescent neurotransmitters

We next asked whether Merkel cells package and release catecholamine neurotransmitters.
We developed a semi-intact epidermal peel preparation that enables direct pharmacological
and optical access to Merkel cells (Fig. S2A). Afohl reporter mice expressing GFP were
used to identify Merkel cells, which formed readily visualized clusters in touch domes
(Lumpkin et al., 2003; Maricich et al., 2009; Rose et al., 2009). We confirmed that Merkel
cells are excitable in this preparation by depolarizing with high-K* Ringer’s solution or by
delivering focal displacements during calcium imaging experiments (Haeberle et al., 2004;
Ikeda et al., 2014; Maksimovic et al., 2014). Both stimuli elicited rapid, reversible and
repeatable increases in cytoplasmic calcium (Fig. S2B-I; Videos S1, S2). Such calcium
transients were abolished by antagonists of N- and P/Q-type (10 uM w-conotoxin MVII-C)
and L-type (10 pM nimodipine) voltage- gated Ca2* channels (VGCCs; Fig. S2J-M), in
agreement with studies of dissociated Merkel cells (Haeberle et al., 2004; Haeberle et al.,
2008).
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To visualize neurotransmitter packaging, we employed a VMAT2-selective, neurotransmitter
analogue, fluorescent false neurotransmitter 206 (FFN206; Hu et al., 2013). Merkel cells
reliably loaded FFN206 into puncta (328/330 Merkel cells from two animals) whereas
surrounding keratinocytes showed no appreciable FFN206 accumulation. FFN206 puncta
polarized to the cytoplasmic regions beneath nuclei (Fig. 2A; Video S3), recapitulating the
distribution of dense-core vesicles and presynaptic proteins near neuronal contacts (Chen et
al., 1973; Hartschuh and Weihe, 1980; Haeberle et al., 2004). Reserpine, a selective VMAT
antagonist, abolished FFN206 fluorescence in Merkel cells, demonstrating that VMAT
activity is required for FFN206 loading (Fig. 2B, C; Erickson et al., 1995). Thus, Merkel
cells load VMAT?2 substrates into subcellular puncta that likely represent secretory vesicle
clusters.

To test whether Merkel cells are capable of evoked FFN206 release, we used live-cell
imaging. Depolarization of FFN206-containing Merkel cells induced reliable destaining of
FFN206 puncta (Fig. 2D-F), which was completely blocked by VGCC antagonists (Fig.
2G-1). Moreover, focal displacements caused rapid FFN206 destaining (Fig. 2J-L).
Together, these data satisfy the functional release criterion of Eccles’ classic chemical
synapse: Merkel cells mediate evoked release of catecholaminergic vesicles in a VGCC-
dependent manner.

Merkel cells employ SNARE-dependent vesicular release to mediate SAl responses

We next used a synaptic silencing approach to directly test whether Merkel cells employ
vesicle fusion for neurotransmission. Adult Merkel cells are highly enriched in vesicle and
target SNARE transcripts including vesicle associated membrane protein 2 (VampZ2, 331+51;
RPKM, Fig. 1D). Tetanus neurotoxin light chain subunit (TeNT) cleaves VAMP2 to block
vesicle fusion at synapses (Yamamoto et al., 2003; Yu et al., 2004; Zhang et al., 2008;
Chandrashekar et al., 2009). We crossed KZ4C" mice with Rosa2670xstopTeNT-GFP mice to
selectively express TeNT in epidermal cells (K14 R267NT; Zhang et al., 2008; Morrison
et al., 2009; Van Keymeulen et al., 2009). Control Merkel cells were enriched in VAMP2
protein compared with other epidermal cells (Fig. 3A). TeNT reduced the proportion of
VAMP2-positive Merkel cells by threefold (Fig. 3A, B). Touch domes from K14¢7€ R267eNT
mice showed innervated Merkel-cell clusters, suggesting that vesicular neurotransmitter
release is not needed for the development and maintenance of Merkel-cell innervation (Fig.
S3).

The functional consequences of epidermal-specific synaptic silencing were assessed with
genotype-blind ex vivo single-unit recordings from Merkel-cell afferents, which were
identified as fluorescently labeled, AR LTMR afferents that responded selectively to touch-
dome indentation (Fig. S4A-C, Fig. 3C; Wellnitz et al., 2010). Littermate controls showed
canonical SAI responses, characterized by high-frequency firing during dynamic stimulation
and sustained low-frequency firing during static stimulation (Fig 3D). By contrast, Merkel-
cell afferents from K14;R267¢NT mice (Fig 3D) produced responses with a twofold
reduction in dynamic firing, a threefold reduction in static firing rates, and intermediately
adapting (I1A) firing patterns (Fig. 3E, F). These responses phenocopied those from Afohl
conditional knockout mice, which completely lack Merkel cells, and epidermal-specific
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PiezoZ knockout mice, which lack the Merkel cell’s mechanotransduction channel
(Maksimovic et al., 2014; Woo et al., 2014). Thus, SNARE-mediated vesicle release is
required for the Merkel cell’s contribution to SAI firing.

Norepinephrine evokes action potentials in Merkel-cell afferents

Eccles’ fourth criterion is that the postsynaptic cell must be activated by direct application of
the neurotransmitter. Norepinephrine, dopamine or 5HT was applied to receptive fields of
Merkel-cell afferents during ex vivo skin-saphenous nerve recordings. Consistent with
HPLC results, local application of norepinephrine evoke firing in Merkel-cell afferents in the
absence of touch stimuli (Fig. 4A-C). By contrast, neither dopamine nor 5HT activated
action potentials in these afferents. Moreover, norepinephrine did not activate firing in A-
fiber rapidly adapting (RA) LTMRs (Fig. S5A, B). Thus, the excitatory effect of
norepinephrine is not a general property of A-fiber LTMRs. Building on our Merkel-cell
transcriptome analysis, which show that Merkel cells are equipped to synthesize
norepinephrine, these results directly demonstrate that norepinephrine preferentially excites
Merkel-cell afferents.

Neuronal py-adrenergic receptors mediate SAl responses

Norepinephrine signals through metabotropic adrenergic receptors (ARs; Hein and Kobilka,
1995). Qualitative immunohistochemistry showed co-localization of NFH and p,AR
immunoreactivity beneath some Merkel cells (Fig. 5A). Moreover, single-molecule /n situ
hybridization revealed that a subset of dorsal root ganglia (DRG) neurons marked by
TrkctdTomato gnd NFH, which includes Merkel-cell afferents, were enriched in B,AR
transcripts (AdrbZ2; Fig. S5C, D). Thus, BoARs are well positioned to mediate signaling
downstream of norepinephrine release from Merkel cells.

To test if BoARs are required for touch-evoked SAI responses, we locally applied the
selective BoAR antagonist ICI 118,551 (henceforth referred to as ICI) to Merkel-cell
afferents and delivered suprathreshold mechanical stimuli at 2-min intervals (Fig. 5B).
Compared with vehicle-treated controls, ICI suppressed dynamic SAI firing by twofold and
static firing by 3.5-fold (Fig. 5C—F). The effects of ICI on static SAI firing partially reversed
within 60 min of ICI washout (Fig. S5E, F). Such incomplete washout from intact skin is not
surprising, given the hydrophobic nature of ICI. Thus, touch-evoked SAI responses require
activation of poARs.

We then used a genetic approach to confirm that 2ARs function cell-autonomously in
neurons to mediate SAI responses. We made Wnt1€e: Adrb2™ mice, which harbor a
deletion of BoARs in neural crest derivatives including somatosensory neurons (Jackson et
al., 2012; Lewis et al., 2013). Touch domes from Wnt1¢e:Adrb2™f and littermate control
mice showed comparable Merkel cell-neurite complexes, indicating that touch-dome
innervation is normal in neuronal B2AR knockout mice (Fig. S5G, H). Compared with
typical SAI responses in littermate controls, Merkel-cell afferents from Wnt1€:Adrb 2"
mice showed dramatically attenuated dynamic and static firing rates, and 1A responses (Fig.
5G-J). Indeed, responses from Wnt1€e Adrb2"1 afferents were indistinguishable from
those of Afoh1 knockout mice lacking Merkel cells, mice whose Merkel cells lacked PiezoZ,
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and TeNT mice with synaptically silenced Merkel cells (Fig. 2; Fig S6). Together, these data
demonstrate that neuronal B,ARs are required for touch-evoked SAI responses (i.e. the
physiological action of the post-synaptic cell), satisfying Eccles’s fifth criterion.

DISCUSSION

Epithelial-neuronal crosstalk plays an essential role in sensory signaling; however, our
understanding of release mechanisms and neurotransmitter receptors through which skin
cells govern neuronal excitability is in its infancy. Adopting Eccles’ definition of a bona fide
chemical synapse, we demonstrate that epidermal Merkel cells excite the nervous system
through SNARE-dependent adrenergic synapses. Our results show that Merkel cells express
the biosynthetic and degradative machinery for adrenergic neurotransmission (criterion 1)
and that norepinephrine in Merkel cell-rich skin areas depends on the presence of Merkel
cells (criterion 2). In epidermis, Merkel cells selectively mediate VMAT- and VGCC-
dependent evoked release of fluorescent catecholamines (criterion 3). Moreover, by using a
tissue-specific genetic strategy to cleave Merkel-cell VAMP2, we directly demonstrate that
SNARE-mediate vesicle release is essential for touch-evoked SAI responses. Turning to the
postsynaptic cell, exogenous norepinephrine directly excites action potentials in Merkel-cell
afferents (criterion 4), and touch-stimulated SAI responses are disrupted by pharmacological
blockade or neuron-specific deletion of B,ARs (criterion 5). Together, these results identify
both pre- and postsynaptic mechanisms through which touch-dome Merkel cells excite
mechanosensory afferents (Fig. 6).

The Merkel cell-neurite complex is an adrenergic synapse

Merkel cells are epithelial derived mechanosensory cells whose role in gentle touch has
recently been clarified. Mice harboring an epidermal-specific deletion of the neuronal
transcription factor Afohl lack Merkel cells throughout the body (Maricich et al., 2009;
Morrison et al., 2009; Van Keymeulen et al., 2009). Electrophysiological analysis of these
mice showed that Merkel cells potentiate SAI firing rates during dynamic and static touch,
and enable sustained firing during static pressure (Maksimovic et al., 2014). Moreover,
sustained firing requires the mechanically gated ion channel Piezo2 in Merkel cells (Fig. S6;
Ikeda et al., 2014; Maksimovic et al., 2014; Woo et al., 2014). Thus, Merkel cells enhance
the excitability of AR LTMRs during dynamic touch stimuli and mediate mechanosensory
responses to gentle pressure.

Merkel cells accomplish these functions by signaling to sensory neurons at adrenergic
synapses. By silencing SNARE-mediated vesicle release in epidermis, we found that the
responses of Merkel-cell afferents recapitulate the suppressed dynamic firing and truncated
static firing observed in epidermal-specific Afo/1 and Piezo2 knockout mice (Maksimovic
et al., 2014; Woo et al., 2014). These data are consistent with a recent report that bath-
applied Botulinum toxin reduced compound action potentials in whisker afferents (Chang et
al., 2016). Given that Merkel cells are highly enriched in VAMP2, the effects of epidermal
TeNT expression are most likely due to VAMP2 cleavage in Merkel cells. Likewise,
neuronal deletion of B2ARs phenocopied the effects of Merkel-cell synaptic silencing.
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Together, these results suggest that SNARE-dependent neurotransmitter release followed by
B2ARs activation on neurons accounts for the Merkel cell’s role in SAI firing (Fig. 6).

This finding is surprising, given the plethora of candidate neuromodulators at the Merkel
cell-neurite complex (Maksimovic et al., 2013). Neuropeptides such as CCK, VIP, Met-
Enkephalin and substance P are present in Merkel cells (Hartschuh et al., 1979; Fantini and
Johansson, 1995; Haeberle et al., 2004), and our transcriptome analysis demonstrates that
the Merkel cells are fully equipped to release these peptides through dense-core vesicles.
Neurotransmitters such as ATP and glutamate have also been proposed to mediate Merkel-
cell signaling (Toyoshima and Shimamura, 1991; Nakamura and Strittmatter, 1996; Fagan
and Cahusac, 2001; Haeberle et al., 2004; Hitchcock et al., 2004; Nunzi et al., 2004). As
previous functional studies have used pharmacology in semi-intact preparations, it is unclear
whether these transmitters mediate autocrine signaling in Merkel cells or paracrine signaling
to other cell types in skin. Consistent with autocrine signaling, glutamate and ATP receptors
are expressed in Merkel cells (Table S1; Haeberle et al., 2004). By contrast, we observed
B2AR immunoreactivity at the terminals of Merkel-cell afferents, and neuronal deletion of
B2AR indicates that adrenergic signaling acts intrinsically in neurons to enable SAI
responses. Intriguingly, neuroanatomical studies suggest that Merkel cells are contacted by
neurons other than A SAI afferents, including thinly myelinated and unmyelinated fibers
(Reinisch and Tschachler, 2005; Lesniak et al., 2014; Niu et al., 2014). Whether Merkel
cells communicate with these fiber types through B2ARs or other signaling pathways is
unknown.

5HT, which has well established roles in itch and nociception, has also been investigated in
Merkel cells. Amperometry detected mechanically stimulated monoamine release from
rodent whisker follicles (Chang et al., 2016); however, the methods employed do not
distinguish 5HT from catecholamines (Pennington et al., 2004). Moreover, transcriptome
analysis in this study indicates that adult mouse Merkel cells express the rate limiting
enzyme for catecholamine synthesis but lack enzymes that produce 5HT. Moreover, 5HT did
not excite action potentials in Merkel-cell afferents innervating touch domes, whereas
norepinephrine elicited robust firing. These data stand in contrast with recent studies of 5SHT
signaling in mouse whisker afferents, which used suction electrode recordings of nerve
bundles without spike sorting to isolate single-unit responses (Chang et al., 2016; Chang et
al., 2017). Given 5HT receptors are broadly expressed among sensory neurons (Zeitz et al.,
2002; Lin et al., 2011; Urtikova et al., 2012; Morita et al., 2015; Salzer et al., 2016), it is
likely that many types of somatosensory neurons contribute to 5HT-evoked compound action
potentials. Consistent with this interpretation, mouse whisker follicles receive abundant
innervation by 5HT3a-positive, NFH-negative afferents, which are distinct from the NFH-
positive AR LTMRs that innervate Merkel cells. Indeed, peripheral 5SHT robustly excites
NFH-negative sensory neurons that mediate itch and nociception (Hosogi et al., 2006; Rausl
et al., 2013; Morita et al., 2015; Julius and Basbaum, 2001; Zeitz et al., 2002; Basbaum et
al., 2009). Although our data do not support an excitatory role for 5HT signaling in mouse
touch-dome afferents, Merkel cells might produce 5HT in other species or skin structures.
An intriguing possibility is that Merkel cell-derived 5HT could potentiate NFH-negative
sensory neurons in pathophysiological states such as chronic pain and itch. Indeed, a role for
Merkel cells in mechanically evoked itch has been recently proposed (Feng et al., 2018).
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Adrenergic signaling in the somatosensory system

Previous studies of adrenergic signaling in the somatosensory system have focused on
nociception. In the descending antinociceptive system, for example, noradrenergic neurons
in the locus coeruleus project to the dorsal horn of the spinal cord to inhibit nociceptive
signals (Westlund and Coulter, 1980; Clark and Proudfit, 1991; Fields et al., 1991). In the
periphery, the role of adrenergic signaling in nociception has been attributed to the
sympathetic nervous system. After peripheral nerve injury or inflammation, sympathetic
neurons sprout within DRG to sensitize nociceptive neurons to adrenergic stimulation (Sato
and Perl, 1991; McLachlan et al., 1993; Bossut et al., 1996; Leem et al., 1997). Moreover,
adrenergic compounds induces nociceptive responses in injured or inflamed skin (Chabal et
al., 1992; Torebjork et al., 1995; Choi and Rowbotham, 1997; Khasar et al., 1999). By
contrast, norepinephrine does not elicit mechanonociceptive responses in naive tissue (Fuchs
et al., 2001). To our knowledge, adrenergic signaling has not been implicated in the
encoding of gentle touch. Thus, our results define a previously unsuspected paradigm for
adrenergic signaling in somatosensation.

B2ARs and neuronal excitability

How might norepinephrine signaling through metabotropic f,ARs excite action potentials in
post-synaptic AB-LTMRs? A precedent for an excitatory metabotropic synapse is set by the
retinal photoreceptor-ON bipolar cell synapse, which excites postsynaptic neurons via
mGIuR6 receptors coupled through Ga, signaling to TRPM1-dependent cation channels
(Martemyanov and Sampath, 2017).

B2ARs couple to Gag signaling, which controls neuronal excitability through altering the
activity of ion channels. Gag activation stimulates adenylyl cyclase to increase adenosine 3’,
5’-cyclic monophosphate (cCAMP) and activate of downstream effectors such as cAMP-
dependent protein kinase A (PKA; Rosenbaum et al., 2009), both of which can modulate ion
channels. For example, in olfactory sensory neurons, a Ga.qf/s-coupled sensory transduction
cascade culminates in gating of cyclic nucleotide gated (CNG) cation channels (Nakamura
and Gold, 1987). CNG channels likewise function as a critical component of membrane
depolarization in vertebrate phototransduction (Yau and Baylor, 1989) and underlie inward
conductances and hippocampal neurons (Leinders-Zufall et al., 1995). Intriguingly, CNG
channel expression is detected in NFH-positive DRG neurons (Usoskin et al., 2015).
Intracellular cAMP also signals though hyperpolarization-activated cyclic nucleotide-gated
(HCN) cation channels (Mayer and Westbrook, 1983). Currents mediated by HCN channels
are found in many types of sensory neurons, including A LTMRs (Gao et al., 2012; Chang
etal., 2017). Finally, BoARs form a protein complex with Ca,1.2 channels, which provides
spatiotemporal coupling of B2ARs to calcium channel activation (Davare et al., 2001). PKA
mediated phosphorylation of Ca,1.2 contributes to an increase in inward Ca2* conductance
(Hell et al., 1993; Gao et al., 1997; Bunemann et al., 1999). Such cAMP-PKA mediated
modulation of ion channels can occur with a latency of 500 ms (Lancaster et al., 2006).
Additionally, the compartmentalization of cCAMP signals into microdomains by tonic
phosphodiesterase activity has been proposed to enable local activation of CAMP-PKA
signaling (Rich et al., 2000; Jurevicius et al., 2003). Together, these mechanisms suggest a
plausible model of norepinephrine-evoked, p,AR-mediated activation of Ap LTMRs with
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fast kinetics; however, future studies are needed to establish whether these signaling
mechanisms mediate excitation in Merkel-cell afferents.

Bo-adrenergic signaling in health and disease

[B-adrenergic signaling is a cornerstone therapeutic target for the treatment of cardiovascular
diseases. p-blockers, which target p-adrenergic receptors, have been among the most widely
used medicines for over half a century. A side effect of B-blocker therapy is paresthesia, or
numbness and tingling (Van Buskirk, 1980; Stewart and Castelli, 1996). These symptoms
are attributed to of the vascular effects of p-blockers in peripheral tissues; however, our
findings suggest that paresthesia might be a result of p-blockers disrupting adrenergic
signaling in sensory afferents.

STAR METHODS

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to Dr. Ellen
A. Lumpkin (eal2166@columbia.edu).

Experimental Model and Subject Details

Animals—Animal use was conducted according to guidelines from the National Institutes
of Health’s Guide for the Care and Use of Laboratory Animals and was approved by the
Institutional Animal Care and Use Committee of Columbia University Medical Center. Mice
were maintained on a 12 h light/dark cycle, and food and water was provided ad /ibitum. All
mice were healthy, and none of the experimental mice was immune compromised. Unless
otherwise noted, mice of both sexes were used and mice were randomly allocated to
experimental groups. The following strains were used in this study: Afoh17F (Rose et al.,
2009), THGFP (Matsushita et al., 2002) which express GFP under the control of the 74
promoter, wild-type (WT) C57BL/6J, K147 (Dassule et al., 2000), Atoh1-3°Z (Ben-Arie et
al., 2000), Atoh1x (Shroyer et al., 2007), 5HT3a-EGFP (Gong et al., 2003), Atoh17GFP
(Lumpkin et al., 2003), R267NT (Zhang et al., 2008), Wnt1¢7 (Lewis et al., 2013),
TrkCtdTomato (Baj et al., 2015) and B2ZARX (Hinoi et al., 2008). 7eN/T mice were generated
by crossing hemizygous K74<"¢ male with homozygous R267¢N7 female mice. Atoh1¢K0
mice were generated as described previously (Morrison et al., 2009). Mice of the

K14 Atoh1tacZ/flox genotype lacked expression of Afohlin K14-expressing cells and
were designated as Afoh1°K0 mice. Genotypes that lacked either the Cre and/or LacZ
alleles were designated as controls. Ardb2¢KO mice were generated by first crossing
hemizygous Wnt1€" male with homozygous Aradb2/°X mice. Male progeny hemizygous for
Wnt1€7 and heterozygous for Ardb20X (Wnt1€e, Arab20%/*) were crossed with
homozygous Ardb 270X female mice. Mice of the Wnt1C": Ardb210xX/flox genotype were
designated as experimental, and mice with the Arab2/0X/flox that lacked Cre were designated
as controls. All mice were bred as recommended by The Jackson Laboratory. Genotyping
was performed through a commercial service (Transnetyx).
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Method Details

RNA sequencing and analysis

To isolate Merkel cells and keratinocytes for RNA-seq, dorsal skin from 7-8-week old
female mice was removed and placed in a plastic dish, epidermis-side down. Skin was
scraped with a scalpel to remove fat and muscle. Skin was then floated epidermis-side up in
0.25% trypsin for 2 h at 37°C. Epidermis was manually separated from the dermis, broken
into smaller pieces, and recovered in culture media (CnT02, Chemicon) for 30 min with a
stir bar. A 70-pm cell strainer was used to collect single cells. Cells were incubated with the
Cd49f-PE antibody (BD Pharmingen) for 30 min on ice. GFP+/PE- Merkel cells and
GFP-/PE+ keratinocytes were purified from the epidermal-cell suspension with FACS,
directly into Trizol (ThermoFisher). Total RNA was isolated using commercially available
reagents (Qiagen RNeasy kit) and DNAse-treated according to manufacturer’s instructions
to remove contaminating genomic DNA. First- and second-strand cDNA synthesis, and
cDNA amplification was performed with the Ovation RNA-Seq System V2 (NUGEN). The
cDNA library was prepared with the Ovation Ultralow System V2 (NuGEN). Sequencing
was conducted on an Illumina HiSeq1000. Reads were aligned to the annotated mouse
reference genome (mm10) with SAMtools (Li et al., 2009). Differential expression analysis
was performed with DEseq2 (Love et al., 2014). The core presynaptic gene list (Table S2)
was generated by combining published presynaptic proteomic libraries (Abul-Husn et al.,
2009; Boyken et al., 2013) with the MGI (Blake et al., 2017) and Ensembl (Aken et al.,
2017) presynapse (GO:0098793) gene ontology annotations (combined, 542 genes). Genes
were manually annotated according to protein function using Gene Ontology annotations.

Semi-intact epidermal peel preparation

Live-cell imaging was performed in a semi-intact epidermal peel preparation. This
preparation enables direct pharmacological and physiological access to Merkel cells 7n situ.
Back skin from P20-24 Atoh1"GFP or Atoh1GFP mice was clipped with electric clippers,
depilated (Surgi-cream), and dissected onto a small dish. Skin specimens (1 cm?2) were
applied to glass coverslips epidermis-side down, in order to form a stable adhesion between
the coverslip and epidermis. Samples were incubated in dispase (25 U/ml, Fisher Scientific)
for 1 h at room temperature, on an orbital shaker. Using forceps, dermal and subcutaneous
tissue was gently peeled from the epidermis, leaving only epidermal cells on the coverslip.

Immunohistochemistry

For cryosections, mouse skin was clipped with electric clippers, depilated (Surgi-cream) and
dissected from the back (7-10-weeks of age). Tissue was fixed in 4% paraformaldehyde
(PFA) for 30 min, cryoprotected in 30% sucrose overnight, frozen in OCT (Tissue-Tek), and
sectioned at a thickness of 16-20 um. For epidermal peel preparations, samples were fixed
in 4% PFA for 30 min. Cryosectioned skin or epidermal peels were labeled at 4 overnight
with the following primary antibodies: rat anti-K8 (TROMA1, Developmental Studies
Hybridoma Bank, 1:100), chicken anti-NFH (Abcam: ab4680, 1:2,000), rabbit anti-VAMP2
(Abcam: ah3347, 1:500), rabbit anti-B2-AR (H-20, Santa Cruz: sc-569, 1:250), rabbit anti-
TH (Millipore: AB152, 1:500), and rabbit anti-DBH (Immunostar: 22806, 1:2000).
Secondary goat AlexaFluor-conjugated antibodies (Thermo Fisher Scientific) directed
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against rat (Alexafluor 488, A-11006; Alexafluor 594, A-11007), chicken (Alexafluor 488,
A-11039; Alexafluor 594, A-11042), or rabbit (Alexafluor 488, A-11008; Alexafluor 647,
A-21450) 1gG were used for 1 h at room temperature (1:1000). Samples were mounted with
Fluoromount-G with DAPI (Thermo Fisher Scientific).

For whole-mount immunostaining with tissue clearing, skin was depilated, tape-stripped to
remove the stratum corneum and dissected from the proximal hind limb of mice (7-10
weeks of age). For whisker whole-mount immunostaining, whiskers were isolated from
whisker pads of mice (7-10 weeks of age), and whisker capsules were dissected to expose
the ring sinus and external root sheath. Ring sinus was removed to expose the glassy
membrane and Merkel cells within. Whole-mount immunohistochemistry was performed as
previously described (Lesniak et al., 2014). Briefly, tissue was fixed in 4% PFA overnight,
washed in 0.03% triton-X PBS (PBST) and incubated in primary antibody for 72-96 h at
4°C. Primary antibodies used were: rat anti-K8 (TROMA1, Developmental Studies
Hybridoma Bank, 1:100), chicken anti-NFH (Abcam: ab4680, 1:500), rabbit anti-NFH
(Abcam; ab8135, 1:500), and chicken anti-GFP (Abcam: ab13970, 1:500). After 5-10 h of
washes in PBST, samples were incubated for 48 h at 4°C in secondary antibodies: goat
AlexaFluor-conjug ated antibodies (Thermo Fisher Scientific) directed against rat
(Alexafluor 488, A-11006; Alexafluor 647, A-21247), chicken (Alexafluor 488, A-11039;
Alexafluor 594, A-11042) or rabbit (Alexafluor 594, A-11037) IgG. After staining, tissue
was dehydrated progressively in 25%, 50%, 75% and 100% methanol in PBST (1 h each)
and cleared using a 2:1 benzyl benzoate/benzyl alcohol solution.

Specimens were imaged in three dimensions (0.5-1 um axial step sizes) on a Zeiss Exciter
confocal microscope (LSM 5) equipped with 20X, 0.8 NA or 40X, 1.3 NA objective lenses.

In situ hybridization

DRG sections harvested from 77kCf@70mato mice (4 weeks of age) were cut at 25-pum
thickness and processed for high-sensitivity RNA /n situ detection using an RNAscope
Fluorescent Detection Kit according to manufacturer’s instructions (Advanced Cell
Diagnostics, Hayward, California, USA). The following modifications were made to the
protocol: after harvesting, DRG were fixed in 4% paraformaldehyde for 15 min and then
incubated in 30% sucrose for 2 h at 4°C. Additional fixation steps were omitted from
hybridization protocol. DRG were embedded in OCT (Sakura) and stored at —80°C until
sectioned. Hybridization was performed using the Adrb2 probe (449771-C3, mouse),
followed by incubation at 4°C overnight with rabbit anti-dsRed (1:3000, Clontech: 632496)
and chicken anti-neurofilament heavy (1:5000, Abcam, ab4680) primary antibodies.
Sections were then incubated at room temperature for 1 h with goat anti-rabbit AlexaFluor
594- (Thermo Fisher Scientific, A-11037) and anti-chicken AlexaFluor 647-conjugated
(Thermo Fisher Scientific, A-21449) secondary antibodies. Samples were mounted with
Fluoromount-G (Fisher Scientific). Specimens were imaged in three dimensions (1-um axial
steps) on a Nikon Ti Eclipse for scanning confocal microscopy equipped with a 40X, 1.3 NA
objective lens. Images were analyzed using ImageJ software (Schneider et al., 2012).
Quantification was performed on unprocessed axial stacks, following thresholding.
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High performance liquid chromatography (HPLC)

Whisker pads were dissected from Af0h1¢K0 and littermate control animals (7-10 weeks of
age) and placed in a dissection dish with PBS. Samples were chilled on ice to prevent
monoamine oxidation. Follicles were exposed in whisker pads for further micro-dissection.
To reduce vascular contributions, follicles were trimmed at the junction between the ring and
cavernous sinuses. Once trimmed, the ring sinus was removed to expose the glassy
membrane and the Merkel cells within the external root sheath. Trimmed follicles were then
separated from whisker pads by transection at the inner conical body. Micro-dissected
follicles were immediately placed in a 0.1 M perchloric acid solution on ice. Four follicles
were pooled per animal. Pooled follicles were homogenized with a hand held sonicator and
centrifuged (15,000 rpm) at 4°C. Supernatant was then stored at —80°C or analyzed
immediately. HPLC was performed as described previously (Feigin et al., 2001; Larsen et
al., 2002). Briefly, HPLC coupled with electrochemical detection was performed on an ESA
Coulochem 11 detector equipped with a model 5011 analytical cell (ESA) set at an applied
potential of 400 mV and a Velosep RP-18 column (Applied Biosystems). The mobile phase
contained 45 mM NaH,POy4, 0.2 mM EDTA, 1.2 mM heptanesulfonic acid and 5%
methanol, adjusted to pH 3.2 with phosphoric acid. Total elution time was 30 min. Molar
amounts of metabolites were calculated from areas under HPLC peaks using calibration
curves and normalized to total sample weight.

FM1-43 injections

FM1-43 (Biotium; #70020) was used to visualize SAI receptive fields (touch domes) for
electrophysiological recordings. FM1-43 was diluted at 1.5 mM in sterile PBS and injected
subcutaneously (70 pl per mouse). Tissue was dissected for ex vivo skin—-nerve
electrophysiology 12-14 h after injection.

Ex vivo skin-nerve electrophysiology

Touch-evoked responses from cutaneous afferents were recorded after dissecting the
hindlimb skin and saphenous nerve from 7-10 week old mice, according to published
methods (Wellnitz et al., 2010). For identifying receptive fields, the skin was placed
epidermis-side-up in a custom chamber and perfused with carbogen-buffered synthetic
interstitial fluid (SIF) kept at 32 °C with a temperature controller (model TC-344B, Warner
Instruments). The nerve was immersed in mineral oil in a recording chamber, teased apart
with fine forceps, and small bundles were placed onto a silver recording electrode connected
with a reference electrode to a differential amplifier (model 1800, A-M Systems).
Conduction velocity was measured by electrically stimulating (Model 2100 isolated pulse
stimulator, A-M Systems) receptive fields. Signals was band-passed filtered at 0.3-5 kHz,
sampled at 20 kHz using a PowerLab 8/35 board (AD Instruments) and recorded using
LabChart software (AD Instruments). SAI receptive fields (touch domes) labeled with FM1-
43 were visualized using a fluorescence stereomicroscope equipped with a long-pass GFP
filter set.

Spike sorting and data analysis was performed off-line with custom software in MATLAB
(Hoffman and Lumpkin, 2018). Semi-unsupervised spike sorting was performed with
principal component analysis (PCA) and density-based spatial clustering of applications
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with noise (DBSCAN). Sorted spikes were then analyzed for metrics of spike timing, firing
rate, and adaptation properties.

For these studies, we focused on Merkel-cell afferents in touch domes, as described by Iggo
and Muir (Iggo and Muir, 1969). The afferents generally have no spontaneous firing,
respond selectively to pressure applied directly to a touch dome, and are particularly
sensitive to moving stimuli but are insensitive to hair tugging and skin stretch (Iggo and
Muir, 1969). To identify responses from these afferents in mutant and control genotypes, we
used a mechanical search paradigm with a fine glass probe. Afferents were classified as
‘Merkel-cell afferents’ according to the following criteria: (1) Ap conduction velocity (=9
m s71), (2) punctate receptive fields restricted to one or more fluorescently labeled touch
domes, (3) insensitive to pressure applied to skin areas adjacent to touch domes, (4)
insensitive to hair tugging but responsive when the hair is bent to compress the touch dome.
Touch-sensitive afferents that did not meet these criteria were not analyzed further. Fibers
were classified as SA if spikes were observed during the last 1 s of the hold phase of
stimulation in =75% of stimulus presentations, otherwise they were classified as IA.
Recordings and analyses of K146 R26TeNT Wint1€"e: Adrb2™"" and their controls were
performed blind to genotype (Table S3).

Afferents were classified as A-fiber RA-LTMRs according to the following criteria: (1) A-
fiber conduction velocity (>1 m s71), (2) rapid adaptation to mechanical indentation, (3)
sensitive to low-force stimulation with von Frey monofilaments (<0.4 mN).

Mechanical responses were elicited with von Frey monofilaments and a custom-built
mechanical stimulator. The automated mechanical stimulator applied stimuli with an
indenter (tip diameter, 1.6 mm), and stimuli were commanded using a model XPS motion
controller and driver system (Newport) connected to a PC computer. Movement of the
indenter was controlled with custom software and measured with a laser distance-measuring
device (OptipNCDT 1402, Micro-Epsilon). Touch stimuli consisted of ramp and 5-s hold
indentations. First-order approximation of approach speed was 3.2 mm s~1. The mechanical
stimulator tip was held ~600 um from the surface of the skin. Mechanical displacements
ranged from the point of skin contact to 450 um of skin indentation. For non-
pharmacological experiments, the period between successive displacements was 60 s. For
pharmacological experiments, the period between successive displacements was 120 s.

For pharmacology, receptive fields, conduction velocity and von Frey thresholds were first
identified with the epidermis-side facing up. After identification of a Merkel-cell afferent
based on FM1-43 fluorescence and the SAI response pattern, the skin was inverted such that
the dermis side faced up for perfusion. Receptive fields were then isolated with a custom-
built glass perfusion ring. For experiments performed in the absence of mechanical
stimulation, drugs were directly applied to the isolated receptive fields (Norepinephrine,
Tocris, 5169; Serotonin, Tocris, 3547; Dopamine, Sigma Aldrich, H8502) and evoked
responses were recorded in gap-free mode. For experiments performed with simultaneous
pharmacological application and mechanical stimulation, both drugs and mechanical
indentation were applied to receptive fields within the perfusion ring (ICI 118,551, Tocris,
0821). To accommodate for repeated mechanical stimulations over long periods of time, we
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reduced the magnitude of mechanical stimuli for pharmacological experiments. Thus,
recorded firing rates from pharmacological experiments were slightly lower than in non-
pharmacological experiments (compare Fig. 3D-F to Fig. 5B-F).

Norepinephrine-response data were fit with the following four-parameter logistic equation:

a—b

+b
. lO(((log1 of) —x)xd)

a = maximum;b = minimum;c = ECSO; d = Hill’s slope

Calcium imaging

Semi-intact epidermal peel preparations were isolated from AtohI"CFPor Aroh1GFP mice.
Merkel cells were loaded for 30 mins at 37°C with 5 pM fura-2 acetoxymethyl ester
(Thermo Fisher Scientific) and 1 uM pluronic acid (Pluronic F-127, Thermo Fisher
Scientific) in a modified Ringer’s solution (in mM): 140 NaCl, 5 KCI, 10 HEPES (pH 7.4),
10 D-Glucose, 2 MgCl,, and 2 CaCl, (osmolality: 290 mmolkg™1). Cells were given 30 min
in Ringers solution to digest the ester bonds before imaging. Merkel cells were depolarized
with mechanical stimulation or with high potassium extracellular solution (in mM): 5 NaCl,
140 KCl, 10 HEPES (pH 7.4), 10 D-Glucose, 2 MgCls, and 2 CaCl, (osmolality: 290
mmolkg~1). Mechanical stimulation was delivered with a glass probe (tip diameter: ~0.5
um) driven with a stepper motor (model MP-200, Sutter Instruments). The glass probe was
positioned at an angle of 40° to the coverslip. To ensure that mechanosensitive channels
were not activated at rest, displacements began from an offset position located 2-3 um away
from Merkel cells (Drew et al., 2002). For experiments with voltage-gated calcium channel
blockers (nimodipine, Tocris, 0600; w-Conotoxin MVIIC, Sigma Aldrich, C4188), Merkel
cells were incubated with blockers for 30 min before imaging. Data were acquired with
Metafluor software (version 7.6.3, Molecular Devices), and analyzed with ImageJ. Briefly,
xy shifts were corrected in 340-nm and 380-nm images using a rigid body transformation
with the “StackReg” plugin (Plugins/Registration/StackReg/RigidBody). Images of the
fluorescence ratio at 340 nm and 380 nm excitation (F344/350) Were created with the “Image
Calculator” (Image/Image Calculator). Regions of interest (ROIs) were drawn based on
identified Merkel cells. Mean ROI fluorescence intensity over time was quantified with the
“Time Series Analyzer V3” (Plugins/Time Series Analyzer VV3). AF/F values were calculated
as follows: (F-F;)/F;., where Fis the F344/390at each frame and F;is the average Fz4q/350 for
the 30-s prior to stimulation. Samples were imaged with a 20x, 0.95 NA objective lens.

FFN imaging

Semi-intact epidermal peel preparations were isolated from Atoh1"GF or Atoh1GFP mice.
Merkel cells were loaded for 30 minutes at 37°C with 1 pM FFN206 (Tocris) in a modified
Ringer’s solution (in mM): 140 NaCl, 5 KCI, 10 HEPES (pH 7.4), 10 D-Glucose, 2 MgCl,,
and 2 CaCl, (osmolality: 290 mmolkg™1). Merkel cells were depolarized with mechanical
stimulation or with high potassium extracellular solution (in mM): 5 NaCl, 140 KClI, 10
HEPES (pH 7.4), 10 D-Glucose, 2 MgCl,, and 2 CaCl, (osmolality: 290 mmolkg™1).
Mechanical stimulation was delivered with a glass probe (tip diameter: ~0.5 um) driven by a
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piezoelectric actuator (model PA8/12, Piezosystem Jeno; power supply ENV40 C,
Piezosystem Jena). The glass probe was positioned at an angle of 40° to the coverslip.
Displacements were triggered by a pClamp-controlled command voltage passed to the
actuator driver through a low-pass filter (fouiori: 500 Hz; model LPF-100A, Warner
Instruments). Displacement magnitudes were visually calibrated daily. To ensure that
mechanosensitive channels were not activated at rest, displacements began from an offset
position located 2—-3 um away from Merkel cells (Drew et al., 2002). For experiments with
voltage-gated calcium channel blockers (nimodipine, Tocris, 0600; w-Conotoxin MVIIC,
Sigma Aldrich, C4188), Merkel cells were incubated with blockers for 30 minutes before
imaging. Data were acquired with Metafluor software (version 7.6.3, Molecular Devices).

ImageJ and Matlab were used to analyze FFN206 destaining experiments. First, xy shifts
were corrected in ImageJ using a rigid body transformation with the “StackReg” plugin
(Plugins/Registration/StackReg/RigidBody). Next, regions of interest (ROIs) were drawn
based on FFN206 puncta within GFP-positive Merkel cells. Mean ROI fluorescence
intensity over time was quantified with the “Time Series Analyzer V3" (Plugins/Time Series
Analyzer VV3). All further analyses were performed in Matlab. To correct for bleaching, the
baseline intensity values for each ROI were individually fit with a monoexponential decay
function. To obtain bleaching-corrected values, fluorescence values (F) were subtracted from
the monoexponential fit (Fyp) for that ROl (Fpo=1+F-Fgxp). Baseline normalized values
(~/F)) were calculated by dividing bleaching-corrected fluorescence values (F) for each time
point by the mean of the first 30 sec of each ROI (). Puncta were classified as “destaining”
if they exhibited at least 2% decrease in (F/F;) 240 s after high-K* stimulation or 40 s after
mechanical stimulation. Samples were imaged with a 20x, 0.95 NA objective lens
(Olympus).

Quantification and Statistical Analysis

Analysis was performed in R (R-Project; R Development Core Team, 2010), Matlab
(MathWorks), and Prism (Graphpad). Detailed statistical parameters are described in figure
legends. Data are represented as mean+SEM and 7 represents the number of cells or
independent experiments. For parametric data with three or more groups, one-way or two-
way ANOVAs were followed by post hoc analyses for between-group comparisons.
Unpaired, non-parametric data were analyzed using the Kruskal-Wallis test with Dunn’s post
hoc comparison. Paired data were compared with a matched two-way ANOVA with Sidak’s
post hoc. Student’s two-tailed #test was used to compare means of two normally distributed
groups. Categorical data were compared using the two-tailed Fisher’s exact test. The
normality of population data was assessed using the Kolmogorov-Smirnov test with Dallal-
Wilkinson-Lilliefors P values, with P<0.05 indicating non-normality. Data were considered
significant if P<0.05. Statistical details of experiments can be found in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Epidermal Merkel cells form adrenergic synapses with Ap mechanosensory
afferents.

Norepinephrine directly activates action potentials in Merkel-cell afferents.

Merkel cells employ SNARE-dependent vesicular release to excite tactile
afferents.

Neuronal Bp-adrenergic receptors are required for slowly adapting type |
responses
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Figure 1. Merkel cells are presynaptic, catecholaminergic cells.
A. Epidermal cell purification strategy [/=2 fluorescence-activated cell sorting (FACS)

purifications from /222, 7-8-week Atoh1SF mice each]. B. Volcano plot of genes
differentially expressed between Merkel cells and keratinocytes. Dashed lines indicate
log,(fold difference)=2 and P,j<0.01 for differential expression (red, above threshold;
black, below threshold). C. Hierarchical clustering of differentially expressed genes. Rows
represent RNA-seq replicates (R1/R2). Dendrograms show expression profiles of genes (top)
and replicates (left). RPKM, reads per kilobase of exon per million reads mapped. Genes

Neuron. Author manuscript; available in PMC 2019 December 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hoffman et al.

Page 27

with RPKM<2 across all samples are not displayed. D. Presynaptic genes enriched in
Merkel cells are grouped according to functional class. Logs transformed fold difference is
plotted. E. Axial projection of a whole-mount touch dome from an adult 7457 mouse
stained with antibodies against NFH (blue in merge), K8 (magenta) and GFP (green). F.
Maximum projection of a touch dome in an epidermal peel stained with antibodies against
K8 (magenta) and TH (green). Scale bars, 25 um. See also Figure S1 and Tables S1 and S2.
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Figure 2. Merkel cells mediate uptake and activity-evoked release of fluorescent
neurotransmitters.

A. Left, Merkel cells (magenta) loaded with FFN206 (1 uM, cyan) in an epidermal peel
preparation from an Atoh1"%"F mouse, which expresses a nuclear localized GFP driven by
Atohl enhancer elements. Right, three-dimensional reconstruction, rotated. Images are
representative of /=9 touch domes, 2 animals. B. FFN206 loading in At0h17GFF Merkel
cells co-incubated with vehicle (left) or 1 uM reserpine (right). C. Quantification of FFN206
loading (background subtracted fluorescence, one-way ANOVA, Tukey’s post-hoc;
TP<0.0001 for all comparisons; mean+SEM; 7=205-331 Merkel cells per group, 2 animals).
(D-1). FFN206-loaded Merkel cells stimulated with high K* Ringer’s solution. Pseudocolor
images show the ratio of FFN206 fluorescence to baseline 240 s after application of high K*
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Ringer’s solution. Scale indicates percent decrease in pixel intensity from baseline. D.
Atoh1"GFF- positive Merkel cells (magenta). E. Baseline normalized, intensity versus time
traces of puncta indicated by arrowheads in (D). Black bar, high K* application. F. Mean
(red) £ SEM (gray) of puncta that showed release in response to depolarization (7=40 cells,
3 animals). (G-I). Merkel cells loaded with FFN206, incubated with VGCC antagonists (10
UM nimodipine + 10 pM w-conotoxin MV1I-C), and stimulated high K+ Ringer’s solution.
G. Atoh1CFP-positive Merkel cells (magenta) and pseudocolor difference image. H.
Baseline normalized, intensity versus time traces of puncta indicated by arrowheads in (G).
Black bar, high K* application. I. Mean (red) SEM (gray) of summary data (/=69 Merkel
cells, 3 mice). (J-L). Merkel cells loaded with FFN206 and stimulated with displacement. J.
Left, Merkel cells (Atoh1"FP, magenta). Right, ratio of FFN206 fluorescence to baseline 40
s after the onset of displacement. Dashed lines outline the stimulus probe. K. Baseline
normalized, intensity versus time traces of puncta indicated by the arrowhead in (J). Black
bar, mechanical stimulation. L. Mean (red) SEM (gray) of mechanically evoked FFN206
release (7=6 Merkel cells, 3 animals). Scale bars, 20 um. See also Figure S2 and Videos S1,
S2, and S3.
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Figure 3. Merkel cells employ SNARE-dependent vesicular release to mediate SAI responses.
A. Images of Merkel cells (magenta) and VAMP2 (cyan) immunoreactivity from littermate-

control (R267¢NT) and TeNT-expressing mice (K14¢"€: R267€NT: scale bar, 10 um). B.
Quantification of Merkel cells with detectable VAMP2 immunoreactivity (cyan; two-sided
Fisher’s exact test, TP<0.0001; 7=149-161 cells from 3 mice per group). C. Schematic of ex
vivo skin-nerve recording preparation (saphenous nerve, red; FM1-43-labeled touch dome,
green). Receptive fields of touch-dome afferents were identified by FM1-43 fluorescence in
epidermal-side up recordings. D. Recordings from touch-dome afferents from littermate-
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control (left) and KZ4<"€: R26TeNT (right) mice. Top traces, displacement (dashed lines, point
of skin contact). Middle traces, action potential trains. Bottom, instantaneous firing
frequency (IFF) plots [blue region, dynamic (ramp) phase; gray region, static (late hold)
phase]. (E-G). Maximal touch-evoked responses from littermate-control (cyan) and

K147 R26TeNT (magenta). Peak dynamic firing rate (E) and mean static firing rate (F).
MeanSEM; two-tailed Mann-Whitney test, -P<0.005. G. Units were classified as slowly
adapting (SA, white) if spikes were observed throughout the 5-s hold phase in =75% of
stimulus presentations, otherwise they were classified as intermediately adapting (1A, black;
two-sided Fisher’s exact test, ?P<0.005; /=10-11 fibers, 9 mice per group). See also Figures
S3 and S4.
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Figure 4. Norepinephrine excites action potentials in Merkel-cell afferents.

(A—C). Norepinephrine (NE), serotonin (5HT), or dopamine (DA) was applied to receptive
fields of touch-dome afferents in ex vivo skin-nerve recordings. Receptive fields of touch-
dome afferents were identified by FM1-43 fluorescence and then preparations were flipped
dermis-side up for receptive-field perfusion. A. Left, neurotransmitter-evoked action
potentials. Right, comparison of touch-evoked and neurotransmitter-evoked spike
waveforms. Black bar indicates perfusion of 5-mM neurotransmitter (10 min). B. Total
spikes evoked by each neurotransmitter at 0.1 mM, 1.0 mM or 5.0 mM (two-way ANOVA
with Tukey’s post-hoc, TP<0.0001; /g=8 units, 8 mice; 57=9 units, 9 mice; pa=4 units,
4 mice; lines, medians). C. Agonist-response relationship of NE-evoked spikes in Merkel-
cell afferents (mean+SEM; EC50=2.5 mM; R2=0.89; /=11 units, 9 mice).
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Figure 5. Neuronal BoARs are required for touch-evoked SAI responses.
A. Merkel cells (K8, magenta), Merkel-cell afferent (NFH, cyan), and B,AR (yellow)

immunoreactivity in adult mouse back skin (scale bar, 25 pm). B. Recordings from Merkel-
cell afferents and corresponding IFF plots before and 30 min after treatment with vehicle or
50 uM ICI 118,551. Traces and shading as in Fig. 3D. (C—F). Peak dynamic firing rate (C,
D) and mean static firing rates (E, F) from afferents treated with vehicle (cyan) or 50 pM ICI
118,551 (magenta) and stimulated at 2-min intervals. C, E. Firing rates at each time point
was normalized to t=0 to average responses across units (mean+SEM). Black bar indicates
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time of vehicle or 50 pM ICI 118,551 application. D, F. Firing rates of all units before (t=0)
and after (t=30) treatment with vehicle or 50 uM ICI 118,551. Two-way matched ANOVA
with Sidak’s post-hoc; *P<0.05, **P<0.01, ***P<0.001, TP<0.0001; /7=5-6 units from 5-6
mice per group. G. Recordings from Merkel-cell afferents from littermate control (left) and
Whnt1€e Adrb2 (right) mice. (H-J). Maximal touch-evoked responses from littermate-
control (cyan) and Wnt1€"; Adrb2™f (magenta) units. H. Peak dynamic firing rate. I. Mean
static firing rate (two-tailed Student’s ftest, ***P<0.001; mean£SEM). J. Proportion of
Merkel-cell afferents with SA (white) versus IA firing patterns (black); two-sided Fisher’s
exact test, ?P<0.005; 7=9-10 units, 9 mice per group). See also Figure S5.

Neuron. Author manuscript; available in PMC 2019 December 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hoffman et al.

Page 35

Merkel

o
o000 0 o 2 @

5) =} o
000 ©0 009 O c
_99 ae,eo

afferent

V[ Piezo2

@® Norepinephrine

. B, adrenergic receptor

u? B, adrenergic coupled/activated
" ion channels

\( Voltage gated channels Sc“‘"i’;ﬂ

A P — B e

s response —— N HEREHE——
Neuron-initiated .
dynamic firing

Merkel-mediated firing Il !

Figure 6. Model for adrenergic synaptic transmission at the Merkel cell-neurite complex.
Touch activates cation influx through Piezo2 channels to depolarize Merkel cells and their

afferents. During dynamic stimuli, neuronal Piezo2 stimulates action potential firing.
Merkel-cell depolarization results in voltage-dependent calcium channel activation, and
SNARE-mediated release of norepinephrine. Norepinephrine binds to 8, adrenergic
receptors on SAI afferents, which increases dynamic firing rates and initiates action
potentials during static stimulation. See also Figure S6.
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