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of Somatosensory Innervation
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Department of Biology, University of Washington, Seattle, WA, United States

Somatosensory neurons (SSNs) densely innervate our largest organ, the skin, and shape
our experience of the world, mediating responses to sensory stimuli including touch,
pressure, and temperature. Historically, epidermal contributions to somatosensation,
including roles in shaping innervation patterns and responses to sensory stimuli, have
been understudied. However, recent work demonstrates that epidermal signals dictate
patterns of SSN skin innervation through a variety of mechanisms including targeting
afferents to the epidermis, providing instructive cues for branching morphogenesis,
growth control and structural stability of neurites, and facilitating neurite-neurite
interactions. Here, we focus on studies conducted in worms (Caenorhabditis elegans),
fruit flies (Drosophila melanogaster), and zebrafish (Danio rerio): prominent model
systems in which anatomical and genetic analyses have defined fundamental principles
by which epidermal cells govern SSN development.
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INTRODUCTION

Why focus on these model systems? Our understanding of patterns and mechanisms of
Somatosensory neuron (SSN) innervation in human skin is limited by several challenges. First,
human skin exhibits remarkable diversity in its structure across anatomical locations, varying
in thickness, permeability, and cellular composition. Single-cell RNA-seq (scRNA-seq) studies
demonstrate the presence of multiple distinct subpopulations of fibroblasts, keratinocytes, and
other dermal cells at various locations in mammalian skin (Joost et al., 2016, 2020; Cheng et al.,
2018; Philippeos et al., 2018). For example, analysis of human scalp, foreskin, and trunk skin
revealed eight keratinocyte subtypes that were present in varying relative proportions and exhibited
significant transcriptional differences across anatomical sites (Cheng et al., 2018).

Second, in addition to differences in resident skin cells, patterns and densities of SSN innervation
vary across skin types and anatomical locations. These regional specializations have been extensively
characterized in the mammalian touch system, where innervation density correlates with tactile
acuity (Johansson and Vallbo, 1979; Paré et al., 2002; Mancini et al.,, 2014). Tactile afferents
densely innervate distal limbs, providing high tactile acuity, with hands and feet showing gradients
in innervation (Corniani and Saal, 2020). Likewise, humans exhibit spatially distinct response
properties to nociceptive stimuli, with the spatial acuity for nociceptive inputs higher on fingertips
than in neighboring skin (Mancini et al., 2013).
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Third, a precise accounting of the type, number, and
distribution of SSNs innervating human skin is incomplete,
as is the catalog of peripheral arborization patterns. Historical
classifications of conduction velocity and fiber diameter
undersample SSN cell type diversity, and while scRNA-seq
studies are rapidly expanding the molecular taxonomy of SSNs
in mice (Usoskin et al., 2015; Nguyen et al, 2017; Sharma
et al., 2020), measures of SSN diversity remain understudied
in humans. Likewise, until recently, peripheral arborization
patterns of mammalian SSNs were largely uncharacterized.
Sparse genetic labeling techniques have closed this gap in mice,
with more than a dozen morphological classes of cutaneous
arbors identified in recent years (Badea et al., 2012; Wu et al,,
2012; Rutlin et al.,, 2014; Bai et al., 2015; Kuehn et al., 2019;
Neubarth et al., 2020; Li and Ginty, 2014; Olson et al., 2017).
Many of these arbors form specialized structures with skin cells
that are essential to SSN function, underscoring the importance
of skin cell contributions to SSN development.

The model systems discussed here (C. elegans, Drosophila,
D. rerio) provide solutions to many of these problems. Chief
among them, these organisms offer transparent skin and
ex utero development that renders SSNs optically accessible,
providing a direct window into SSN development in vivo. These
systems also offer sophisticated genetic toolkits that facilitate
manipulation of gene function with single-cell resolution,
reagents to simultaneously and independently visualize skin
cells and SSNs, and a repertoire of epidermal cells and SSNs
whose developmental origins and peripheral morphologies
are defined.

C. elegans

The compact nervous system, invariant lineage and
morphological stereotypy of C. elegans neurons (Sulston
et al., 1983; White et al., 1986; Corsi et al., 2015) have facilitated
genetic screens for factors that influence SSN morphogenesis.
C. elegans hermaphrodites have only 302 neurons and possess
both sensory neurons that innervate the epidermal layer (also
known as the hypodermis) and motor neurons that traverse
the body and receive instructive epidermal cues. The touch
receptor neurons (TRNs), sensory neurons PVD and FLP,
and motor neurons provide instructive examples of different
modes of epidermal signaling that contribute to skin innervation
patterns. First, the bipolar mechanosensory TRNs ALM and
PLM (anterior and posterior lateral microtubule cells) extend
distinctive anterior and posterior processes, and their polarized
outgrowth is controlled by epidermal cues. Epidermal cells
ensheath axons of these neurons, providing insight into
the developmental origin and function of this specialized
epidermis-SSN interaction (Figure 1A). Second, PVD and
FLP function as polymodal nociceptors (Chatzigeorgiou et al.,
2010; Mohammadi et al., 2013) and elaborate highly branched
dendritic arbors (Albeg et al., 2011; Figures 1B,C). PVD neurons
have a stereotypic menorah-like dendritic arbor shape that
branches at regular positions and in regular orientations (Smith
etal., 2010), providing a sensitive and highly quantitative system
for analyzing dendrite morphogenesis. These dendrites grow at
the interface of muscle and epidermal cells (Oren-Suissa et al.,
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FIGURE 1 | Anatomy of C. elegans somatosensory neurons (SSNs) and
skin. (A) Position of the touch receptor neurons ALM and PLM, and
schematic depicting epidermal ensheathment of touch receptor neurons
(TRNs) shown in cross-section. (B) PVD neuron position and schematic
depicting PVD interactions with muscle and epidermal cells. (C)
Cross-sectional anatomy of C. elegans adult.

2010), and a series of genetic screens revealed signaling systems
involving adhesive interactions with muscle and epidermal
cells that shape dendrite morphogenesis (Dong et al., 2013;
Salzberg et al., 2013). Finally, motor neurons run adjacent
to the epidermis, from which they receive guidance cues and
epidermal phagocytic activity influences synapse maintenance
at the neuromuscular junction (NM]J; White et al., 1986; Cherra
and Jin, 2016).

C. elegans skin is comprised of a simple epidermis that secretes
an apical cuticle consisting of a collagenous extracellular matrix
(ECM) and is surrounded on the basal surface by a basement
membrane (BM; Chisholm and Hsiao, 2012; Figure 1C).
This epidermis is primarily composed of a multinucleate
syncytium of hypodermal cells that forms during embryonic
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development, prior to the peripheral innervation by sensory
neurons. The epidermal primordium forms on the dorsal surface
of gastrulation stage embryos, undergoes epiboly to generate an
embryonic skin, and finally, epidermal cells fuse with one another
to generate epidermal syncytia (Podbilewicz and White, 1994;
Chisholm and Hsiao, 2012). This process is largely complete by
mid-embryogenesis, yielding nine distinct hypodermal syncytia,
the largest of which (hyp7) spans the majority of the animal. The
adult skin additionally contains terminally differentiated seam
cells, lateral hypodermal cells embedded on the apical face of
hyp7 that fuse in adult worms. Of note, seam cell divisions that
occur during larval stages give rise to a variety of neurons and
support cells (Chisholm and Hsiao, 2012).

Drosophila

The Drosophila larval peripheral nervous system (PNS) has
served as a powerful experimental system for analysis of
SSN dendrite morphogenesis, cell spacing, and dendrite-
epidermis interactions that shape innervation patterns. Unlike
vertebrate dorsal root ganglion (DRG) neurons, cell bodies
of Drosophila SSNs are located in the periphery, where
sensory organ precursors delaminate from the ectoderm early
during embryogenesis and give rise to neurons in a highly
stereotyped spatiotemporal birth order (Bodmer et al., 1989).
The larval PNS is segmentally organized (Figure 2A), with each
abdominal segment consisting of a fixed number of SSNs with
stereotyped positions, morphologies, functional properties, and
developmental trajectories (Singhania and Grueber, 2014). Thus,
as in C. elegans, a given neuron can be reproducibly identified
and assayed.

Drosophila embryonic/larval SSNs fall into two general types:
type I and type II neurons. Type I neurons have a single
unbranched dendrite and innervate external sense (es) organs
or chordotonal (cho) organs; as discussed below, studies of cho
neuron development have revealed roles for epidermal cues
in guiding SSN migration and orienting dendrite outgrowth
(Kraut and Zinn, 2004; Mrkusich et al., 2010). Type II multi
dendrite (md) neurons include the dendrite arborization (da)
neurons, whose highly branched dendrite arbors have been
intensively studied for more than 20 years (Gao et al., 1999).
While peripheral glia ensheath SSN axons and cell bodies, the
glial sheaths extend only a few microns into the dendritic
compartment (Yadav et al., 2019), providing a system to study
direct epidermis-dendrite interactions.

Da neurons fall into four classes (Class I-IV) on the
basis of larval dendrite arborization patterns (Grueber
et al, 2002). These morphological classes correspond
to functional types as axon laminar targeting (Grueber
et al, 2007) and responses to sensory stimuli (Hughes
and Thomas, 2007; Song et al, 2007; Xiang et al., 2010;
Tsubouchi et al., 2012; Yan et al., 2013) correlate with dendritic
morphology. Studies in Drosophila have been particularly
instructive in identifying epidermal mechanisms that influence
SSNs in a type-specific manner. Dendrites of da neurons
innervate a two-dimensional territory at the basal surface
of the epidermis, with arbors of different types of neurons
intermingling while exhibiting distinct geometry, targeting, and

occupying distinct areas (Figures 2A-D; see also Figure 4).
Remarkably, each of these parameters is controlled by
epidermal cues.

The larval epidermis derives from ~2,000 blastodermal
precursors (Lohs-Schardin et al, 1979) that give rise to
~1,000 terminally differentiated epidermal cells per segment
(Jiang et al., 2014). These cells form a monolayer of polarized
epithelial cells with a basal lamina (Prokop et al., 1998), an apical
cuticle, and lateral junctional domains (Figure 2A). Notably, the
cell divisions that populate the larval epidermis occur during
embryogenesis, and larval skin grows by epidermal cell expansion
rather than cell division. As a result, spatial relationships between
epidermal cells and SSNs can be traced throughout larval
development (Parrish et al., 2009; Jiang et al., 2014).

Each larval segment contains >10 different epidermal cell
types, transcriptionally specified on the basis of their position
along the anterior-posterior (AP) axis within each parasegment
(DiNardo et al., 1994). One manifestation of these different
cellular identities is the stereotyped segmentally repeating
pattern of cuticular protrusions on the apical surface of
the epidermis, referred to as denticles (Lohs-Schardin et al,
1979; Bejsovec and Wieschaus, 1993). Although the positional
information encoded in these different cell types likely influences
dendrite morphogenesis, morphogenetic differences of these
different epidermal cell types are not readily apparent on their
basal surface. Instead, the monolayer of epidermal cells is
composed primarily of tiled epidermal cells with a collagen-rich
BM (Borchiellini et al, 1996), interspersed with apodemes,
which serve as sites of body wall muscle attachment. In
addition to these two prominent cell types, the epidermal layer
contains stem cells (histoblasts) that repopulate the epidermis
after metamorphosis, the resident neurons innervating the
epidermis, and their accessory cells. Underneath the BM, the
larval skin contains a number of non-epidermal cells that
likely contribute to SSN development including specialized
secretory cells (oenocytes), hemocytes (Drosophila blood cells),
and muscle.

D. rerio

Like C. elegans and Drosophila, D. rerio (zebrafish) have
distinct experimental advantages for the analysis of SSN/skin
interactions. Zebrafish are amenable to forward and reverse
genetic screens; reverse genetic manipulation is particularly
attractive since the large, externally fertilized eggs are easy
to inject with antisense morpholino oligonucleotides or
CRISPR-Cas9 ribonucleoprotein complexes. The small size of
the larvae and automated behavioral assays additionally make
high-throughput chemical screens feasible (Curtright et al.,
2015).

Relative to C. elegans and Drosophila, zebrafish have
additional anatomical complexity of both SSNs and
skin (Figure 3). Larval zebrafish possess two types of
SSNs—trigeminal (TG) and Rohon-Beard (RB) neurons—that
originate from the neural plate border in neurula stage embryos
and innervate the epidermis. TG and RB neurons generally
share gene expression signatures, genetic requirements, and
functional properties. Anatomically, TG neurons form bilaterally
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FIGURE 2 | Anatomy of Drosophila SSNs and skin. (A) Organization of the larval abdominal peripheral nervous system (PNS) depicting neurons discussed in this
review (left) and cross-sectional view depicting the relative position of epidermal cells, apical cuticle, basement membrane (BM), and SSN dendrites (right). Note that
es neurons and subsets of md neurons are omitted from the schematic. (B) Peripheral territories of Drosophila SSNs. Schematic depicts dendritic territories of C4da
(nociceptors, red), C3da (gentle touch receptors, purple), and C1da (proprioceptors, yellow) neurons and distribution of epidermal cells in a representative abdominal
hemisegment. Schematic adapted from Grueber et al. (2002) and Parrish et al. (2009). (C,D) Confocal micrographs of representative (C) C4da and (D) C1da
neurons are shown. Image credits: C4da neuron (Peng et al., 2015); C1da neuron (Lin et al., 2015) under the Creative Commons License.
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symmetric ganglia immediately posterior to the eyes, whereas
RB neurons form along the rostral-caudal axis of the spinal cord.
Whereas invertebrate SSNs elaborate peripheral processes with
dendritic characteristics (containing mixed microtubule polarity,
satellite secretory machinery, etc.; reviewed in Rolls and Jegla,
2015), vertebrate SSNs extend a single process that bifurcates
to form central and peripheral projections both with axonal
characteristics (reviewed in Nascimento et al., 2018). Zebrafish
TG and RB neurons project peripheral axons that travel a short
distance (dozens of microns) before reaching the epidermis
where they branch profusely (O’Brien et al., 2012; Figure 3B).
TG peripheral axons innervate the epidermis of the head
and anterior yolk, whereas RB peripheral axons innervate the
epidermis of the posterior yolk, trunk, and larval fin fold (Sagasti
et al, 2005). TG somata reside in the TG ganglia and their
central axons project caudally before entering the hindbrain.
By contrast, RB somata localize in the dorsal spinal cord and
their central axons run rostrally and caudally within the spinal
cord. The central axons of both populations form connections
with higher-order CNS neurons (Kimmel et al., 1990a; Palanca
et al.,, 2013). TG and RB populations can be further divided into

subtypes based on molecular markers (Slatter et al., 2005; Pan
etal, 2012; Gau et al., 2013, 2017; Palanca et al., 2013), although
the precise number and functional properties of the subtypes
remain incompletely characterized.

A third population of SSNs, DRG neurons, develop at a
later stage compared to RB and TG neurons. DRG neurons
originate from the neural crest and form segmentally repeating
ganglia adjacent to the spinal cord containing the DRG
somata. In larvae, DRG peripheral axons appear to navigate
to the periphery between muscle quadrants (Reyes et al,
2004), although this organization has not been extensively
analyzed. DRG central axons penetrate the spinal cord through
the dorsal root entry zone (Smith et al,, 2017; Nichols and
Smith, 2019) and elaborate projections within the spinal cord.
Intriguingly, at these larval stages DRG neurons do not express
many of the sensory receptors that function in TG and RB
neurons (e.g., Piezo2b, Trpvl, Trpalb; Prober et al., 2008;
Pan et al., 2012; Faucherre et al., 2013; Gau et al., 2013;
Esancy et al, 2018), suggesting that DRG neurons mature
at a later stage and/or have distinct functional properties
in larvae.
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FIGURE 3 | Anatomy and remodeling of zebrafish SSNs and skin. (A) Overview of changes to the skin and SSNs that occur during the larval-to-adult transition. (B)
Anatomy of Rohon-Beard (RB) neurons in larval zebrafish. Top, illustration of the typical morphology of larval RB neurons along the trunk (left) and a transverse
section through the epidermis (right). Bottom, partial reconstruction of a larval RB. Note that the peripheral axon predominantly arborizes along the dorsal-ventral
(DV) axis. (C) Anatomy of dorsal root ganglion (DRG) neurons in adult zebrafish. Top, illustration of the typical morphology of DRG neurons innervating the adult scale
epidermis along the trunk (left) and a transverse cross section through the epidermis surrounding a radial DRG axon bundle (right). Bottom, maximum intensity
projections showing keratinocytes [labeled by Tg(krt4:GFP)] and DRG peripheral axons [labeled by Tg(p2rx3a:lexa,lexaop:mCherry)]. Note that the radial nerve
bundles (arrowheads) orient anterior-posterior (AP) along the scale surface. Micrographs in (C) adapted from Rasmussen et al. (2018), with permission from Elsevier.

In contrast to the monolayered epidermal structures of worms
and flies, zebrafish larvae have a bilayered epidermis. The (outer)
periderm layer is derived from the enveloping layer (Kimmel
et al., 1990b), which forms an early barrier between embryonic
cells and the aquatic environment (Kiener et al, 2008). By
contrast, the (inner) basal layer is derived from ventral ectoderm
and forms later in development (Bakkers et al., 2002). Given these
disparate origins, it is not surprising that periderm and basal cells
have distinct genetic requirements. For example, specification
of the basal, but not periderm, layer requires expression of
an isoform of tumor protein 63 (Tp63) lacking N-terminal
sequences (ANp63; Bakkers et al., 2002; Lee and Kimelman,
2002). The two epidermal layers also have distinct morphological
features: the apical surface of the periderm is covered by
labyrinthine actin-based structures known as microridges (Lam

et al., 2015), whereas the cuboidal basal layer is attached to an
underlying BM via hemidesmosomes (Sonawane et al., 2005).
TG and RB axonal processes penetrate through the ECM and
arborize directly between the periderm and basal layers (O'Brien
et al.,, 2012). At these early larval stages, the epidermis contains
additional cell types such as ionocytes, which regulate zebrafish
skin physiology (Chang and Hwang, 2011).

During post-larval stages, both the skin and somatosensory
system significantly remodel (Figure 3A). As the skin
expands during post-larval growth, it undergoes two major
morphogenetic changes. First, the bilayered epidermis begins
to stratify through the proliferation of the Tp63-positive
basal cell layer (Guzman et al., 2013; Rangel-Huerta et al.,
2021). As the skin stratifies, the larval periderm is sloughed
off and replaced by basal cell derivatives (Lee et al, 2014).
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FIGURE 4 | Ensheathment of SSN neurites by epidermal cells. (A) Serial block face scanning electron microscopy micrograph depicting ensheathed (purple)
dendrites innervating the Drosophila larval epidermis. (B) Confocal micrograph depicting epidermal ensheathment of Drosophila SSNs. In this image, SSNs are
labeled with a membrane-targeted fluorescent protein (green) and epidermal PIP,-positive lipid microdomains are labeled by PLC3-PH-GFP (magenta), which
accumulate at epidermal cell-cell junctions (cyan arrows) and at epidermal sheaths (magenta arrows) (B’). (B”) Ensheathed and unensheathed dendrites often
occupy overlapping lateral domains, and this is illustrated by the ensheathment of C4da dendrites (magenta) at sites of overlap with C1da dendrites (pseudo-colored
yellow). (C) Developmental sheath assembly in C. elegans and Drosophila. TRN axons (ALM, PLM) are situated adjacent to dorsal muscle at the L1 stage, but
following epidermal rearrangement in the L4 stage, the skin ensheaths TRN axons. Drosophila SSN dendrites grow on the basal surface of epidermal cells during
embryonic and early larval development. Dendrites from a subset of these neurons (primarily dendrites of C4da neurons, indicated in red) induce membrane
invagination and epidermal sheath assembly in third instar larvae. By contrast, unensheathed dendrites (yellow) remain at the basal epidermal surface. (D) Free nerve
endings in human skin form cytoplasmic tunnels oriented perpendicular to the skin surface (indicated by white arrows) in keratinocytes within the stratum basale (SB)
and stratum spinosum (SS) layers before arborizing within the stratum granulosum (SG; Talagas et al., 2020b). (E) Molecular components of Drosophila epidermal
sheaths. Image credits: images in (A-C) are adapted from Jiang et al. (2019) under the Creative Commons License.

Second, elements of the dermal skeleton, including scales
and fin rays, form and reshape the overlying epidermis
(Le Guellec et al., 2004; Parichy et al., 2009). In addition to
these changes in the skin, the zebrafish somatosensory system
also remodels during post-larval growth with DRG neurons
eventually replacing RB neurons along the trunk. Early studies
suggested that RB neurons were largely eliminated via apoptosis
as early as 3 dpf (days post fertilization; Williams et al., 2000;
Cole and Ross, 2001; Svoboda et al., 2001). However, several
studies found that at least some RB neurons survive past 5 dpf
(Reyes et al., 2004; Slatter et al., 2005; Palanca et al., 2013). Recent
longitudinal tracking of RB neurons for ~2 weeks demonstrated
that surviving RB neurons undergo morphological changes
(Williams and Ribera, 2020), perhaps indicating why early
studies based on histology concluded that they disappeared.
How does the elimination of RB neurons correspond to when
DRG neurons innervate the trunk? Imaging of a DRG-specific
reporter and analysis of mutants lacking DRG, but not RB,
neurons, suggested that the transition in SSNs may occur
during scale morphogenesis (Rasmussen et al., 2018), much later

than originally proposed. Strategies that allow unambiguous
long-term tracking of RB neurons would help clarify when
exactly the switch in skin innervation occurs and how this
transition corresponds to the events of skin organogenesis.

CONTROL OF INNERVATION PATTERNS
WITHIN THE EPIDERMIS BY SECRETED
CUES

Vertebrate embryology studies dating back over a century
provided some of the first evidence that epidermal cues govern
SSN arbor growth. In Harrison’s seminal studies, epidermal
tissue promoted sprouting of DRG neurons in spinal cord
explants (Harrison, 1910). By contrast, amputation of limb
buds demonstrated that SSN innervation requires peripheral
tissues (Shorey, 1909). Forty years after Shorey’s studies,
Viktor Hamburger and Rita Levi-Montalcini demonstrated that
peripheral tissues supply pro-survival cues to SSNs (Hamburger
and Levi-Montalcini, 1949), providing the conceptual framework
for the neurotrophin hypothesis and discovery of the first
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neurotrophin, nerve growth factor (NGF). Neurotrophins are
perhaps the most widely studied family of extrinsic factors
regulating SSN development, with innervation patterns governed
by skin expression of neurotrophins and SSN expression of the
cognate receptor. The many roles of neurotrophins in vertebrate
SSN growth, survival, maintenance, and synapse formation have
been extensively reviewed (Harrington and Ginty, 2013). Here,
we focus on other classes of epidermal signals that shape
SSN arbors.

Chemoattractants and repellents classically studied for roles
in midline axon guidance comprise one major group of
epidermal guidance cues that orient SSN neurite position in the
periphery; gradients of growth factors similarly contribute to
innervation patterns. Studies of axon targeting provided early
indications that epidermal sources of secreted guidance cues
shape SSN innervation. For example, circumferential migration
of pioneer axons in C. elegans relies on epidermal UNC-5/Netrin
(Hedgecock et al,, 1990), graded epidermal Slit expression
guides longitudinal axon outgrowth in C. elegans (Hao et al,
2001), and embryonic PNS axon pathfinding to the CNS in
Drosophila (Parsons et al., 2003). Epidermal expression patterns
for these molecules have not been systematically examined,
but genetic studies demonstrate key principles of how they
shape SSN peripheral arbors. First, these guidance molecules
are expressed in discrete spatiotemporal epidermal domains,
facilitating regional control of skin innervation. Second, a given
guidance cue can exert distinct functions in different contexts.
Third, these molecules act in combination: a given neuron can
respond to multiple cues, sometimes at different stages. Fourth,
individual neurons can respond to different guidance cues within
the same territory, with a given guidance molecule acting on a
subset of SSNs that encounter it. This selectivity is presumably
achieved via cell type-specific expression of guidance receptors,
facilitating neuron type-specific patterns of skin innervation.

Regional Control of Skin Innervation

Somata of invertebrate SSNis are located in the periphery, where
localized epidermal guidance cues orient process outgrowth. In
C. elegans, ALM and PLM neurons extend a long anterior-
directed process that branches and forms synapses, and a
short posterior-directed process that neither branches nor forms
synapses (Figure 1A). Both ALM and PLM rely on extrinsic Wnt
signals to orient neurite outgrowth, but with distinct receptor-
ligand pairs. Mutations in lin-44 and lin-17, which encode a
Wnhnt ligand and its receptor Frizzled, respectively, invert PLM
neurite outgrowth (Hilliard and Bargmann, 2006; Prasad and
Clark, 2006). LIN-17/Frizzled functions in PLM neurons, where
it is targeted to posterior neurites, and expression of LIN-44/Wnt
in posterior epidermal cells acts to polarize LIN-17 distribution
in PLM (Herman et al., 1995; Hilliard and Bargmann, 2006).
However, ectopic LIN-44 expression in anterior hypodermal
domains partially rescued lin-44 mutant PLM polarity defects,
suggesting that additional positional cues may aid in orienting
PLM neurite outgrowth (Hilliard and Bargmann, 2006). The
situation with ALM is more complex: five Wnt ligands contribute
to ALM outgrowth (Prasad and Clark, 2006; Chien et al,
2015), one of which (LIN-44) acts in an inhibitory fashion

(Fleming et al., 2010). ALM utilizes distinct Wnt receptors from
PLM, with the receptor MOM-5/Frizzled and kinase CAM-
1/Ror required for Wnt-mediated ALM polarity. CAM-1/Ror
provides an additional level of control, as CAM-1 exhibits
antagonistic non-autonomous functions, presumably to inhibit
inappropriate polarization.

Local epidermal guidance molecules similarly direct polarized
outgrowth of Drosophila SSN neurites. Chordotonal (cho) organs
contain bipolar mechanosensory neurons that extend a single
unbranched dendrite, and a subset of these neurons (v’chl and
Ich5) migrate along the epidermis to their final position, rotating
during migration to orient dendrite outgrowth (Bier et al., 1990;
Salzberg et al, 1994). v’chl and Ich5 take different routes,
migrating dorsally and ventrally, respectively, and utilize distinct
targeting mechanisms. Epidermal Netrin guides v’chl neurons;
mutations in Netrin-A (NetA) or frazzled (fra), which encodes
an attractive DCC (deleted in colorectal cancer) family Netrin
receptor, prevent v’chl migration and randomize the direction of
dendrite outgrowth (Mrkusich et al., 2010). A patch of epidermal
cells express NetA at the vichl migratory destination during
embryogenesis (Mitchell et al., 1996; Mrkusich et al., 2010),
and ectopic NetA expression in lateral epidermis mistargets
v'chl neurons. In this context, Fra functions in accessory cap
cells that extend processes and migrate dorsally towards the
Netrin source, pulling v’chl neurons to their final destination.
Amphid neurons in C. elegans utilize a similar morphogenetic
mechanism; these neurons form a multicellular rosette with
accessory cells, and the tip of the rosette is tethered by adhesive
interactions to migratory epidermal cells and towed to the
nose (Fan et al., 2019). By contrast, Ich5 neurons require Robo
receptors and Slit for their guidance (Parsons et al., 2003; Kraut
and Zinn, 2004; Gonsior and Ismat, 2019). Although Slit sources
that guide lch5 migration have not been defined, mesodermal
cells and lateral epidermal cells express Slit at the time of
Ich5 migration (Parsons et al., 2003).

A related mechanism determines the afferent innervation
pattern of a class of low threshold mechanoreceptors (A3-
LTMRs) in mouse skin, in which a local secreted factor
orients neurite positioning (Rutlin et al., 2014). AS-LTMR
fibers innervate hair follicles in a polarized fashion that
corresponds to their directional tuning of hair deflection, and
this polarized innervation depends on the neurotrophin brain-
derived neurotrophic factor (BDNF) from the hair follicle
epithelium. Caudal hair follicle epithelial cells selectively express
BDNF, and conditional BDNF knockout in hair follicles
attenuates the polarization of A3-LTMR endings.

One Guidance Cue, Multiple Functions

Studies of Robo receptor function in Drosophila SSNs illustrate
the multifunctional role of some epidermal guidance molecules
in SSN development. First, Robo-mediated cho axon guidance
away from the periphery and cho migration/orientation in
the epidermis likely depend on distinct sources of repulsive
Slit signals. Da neuron dendrite patterning also involves Robo
function at multiple morphogenetic steps, but with added
complexity. Da neurons are clustered at regular segmental
locations (Figure 2A), each containing multiple neuron classes
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whose dendrites intermingle (Grueber et al., 2002). Dorsal cluster
da neurons initially target dendrites dorsally towards the midline
(Gao et al., 1999; Sugimura et al., 2003), and mutations in Sit,
Robol, and to a lesser degree Robo2 lead to exuberant dorsal
dendrite elongation in C4da neurons (Dimitrova et al., 2008),
suggestive of repellent activity from the dorsal midline. One
plausible model is that Robo receptors accumulate on nascent
dendrite tips in C4da neurons, as in Ich5 neurons (Kraut and
Zinn, 2004; Gonsior and Ismat, 2019), to prevent dendrite growth
beyond receptive field boundaries. Although the relevant Slit
sources have not been identified, myocardial cells near the
dorsal midline (Qian et al., 2005) and muscle attachment sites
at segment boundaries (Kramer et al.,, 2001) produce Slits. Of
note, other da neurons exhibit similar dorsal-directed outgrowth
and express Robo receptors, yet only C4da neurons require
Robo for proper dorsal outgrowth; whether differential Robo
trafficking, coreceptors, or downstream transduction machinery
is responsible for these differences remains to be determined.

Following embryonic outgrowth, Robo promotes dendrite
branching and branch dynamics in larval C4da neurons: Robol
mutant single neuron clones exhibit significantly fewer terminal
dendrite branches, and Robol overexpression drives terminal
dendrite stabilization and elongation (Dimitrova et al., 2008).
Slit ligands display branch-promoting activities in zebrafish
and mouse TG peripheral axons (Yeo et al, 2004; Ma and
Tessier-Lavigne, 2007), so the requirement for Robol in C4da
neurons could reflect another branch-promoting activity for Slit.
Antibody staining suggests that larval da neurons express Slit,
hence spatially and temporally distinct Slit sources may tune
guidance and growth of the same dendrite arbor via repulsive and
attractive mechanisms. Intriguingly, one protease that mediates
N-terminal Slit cleavage and conversion to an attractive cue has
been identified (Kellermeyer et al., 2020), so it seems plausible
that different forms of Slit mediate these different functions.
Alternatively, one or more of these Robo functions may include
non-Slit ligands: Robo functions as a coreceptor for Wnts and
Netrins (Zelina et al., 2014; Wang and Ding, 2018).

One Neuron, Multiple Guidance Cues

During metamorphosis, C4da neurons prune their dendrite
arbors (Kuo et al., 2005), and yet another set of guidance cues
shape subsequent dendrite regrowth. As in larvae, adult C4da
dendrites tile the dorsal and lateral body wall, with ddaC and
v’ada dendrites filling adjacent domains in a non-overlapping
fashion (Shimono et al, 2009). Similarly, ddaC dendrites
constrain dorsal growth of v’ada arbors, but ventral-directed
branches terminate before encountering contralateral v’ada
dendrites at the midline (Yasunaga et al., 2015). Thus, limited
growth capacity or inhibitory signals constrain the ventral extent
of viada arbors. Consistent with the latter, v’ada dendrites
terminate at sternites, and genetic removal of sternites led
to the ventral expansion of v’ada dendrite arbors. A genetic
screen revealed that Wnt5 mutation similarly drove the ventral
expansion of v’ada dendrites, and indeed sternites express Wnt5,
which concentrates at the dendrite-sternite boundary. Within
neurons, Wnt5 repulsive cues are transduced by the Ryk receptor
tyrosine kinases Derailed (Drl) and Drl2, which signal through

the Rho guanine nucleotide exchange factor (GEF) Trio and
Rhol to locally destabilize the actin cytoskeleton and prevent
dendrite extension beyond the Wnt5 source (Yasunaga et al,
2015).

Whnt signaling confers positional information for peripheral
branch placement in C. elegans as well. The anterior-directed
PLM process branches once at a stereotyped time and location,
with F-actin coalescing into a patch at the future branch site prior
to branching (Chen et al., 2017). Secreted Wnts signal through
the receptor MIG-1/Frizzled to antagonize F-actin assembly,
restricting branching at inappropriate locations along the AP
axis. This Wnt signaling functions in concert with attractive
Netrin cues that direct the PLM branch ventrally, and although
the source for this Netrin cue has not been defined, epidermis-
derived heparan sulfate proteoglycans (HSPGs) may contribute
to the signaling (see below). Finally, as described above, oriented
PLM neurite outgrowth relies on a distinct combination of
guidance receptor and epidermal guidance cues.

Combinatorial Functions of Guidance

Signals

Studies of Drosophila Netrin (NetB) and Wnt (Wingless)
ligands illustrate two additional principles of peripheral guidance
by secreted cues. First, extrinsic guidance signals can work
in concert with intrinsic mechanisms for neurite spacing
to fine-tune peripheral arborization patterns. Self-avoidance
signaling mediated by the Drosophila homophilic adhesion
molecule Dscam1 promotes sister dendrite spacing in da neurons
(reviewed in Zipursky and Grueber, 2013), but the loss of Dscam1
drives inappropriate C3da dendrite targeting towards cho organs
(Matthews and Grueber, 2011). This targeting is a consequence
of Fra-mediated attraction towards NetB, which is expressed
by accessory cells of the Ich5 cho organ. Second, concentration
gradients of secreted cues encode positional information in the
epidermis. The Drosophila Clda neuron ddaE has a posterior
facing comb-like dendritic arbor that develops in a highly
stereotyped sequence (Sugimura et al., 2003; Parrish et al., 2006).
Prior to ddaE dendrite outgrowth, the posterior epidermal cells
within each abdominal segment exhibit graded expression of
the Wnt ligand Wingless, with the most concentrated patch
of Wingless dorsal to ddaE (Li et al, 2016). In this context,
Wingless acts as a repellent for ddaE dendrite growth, with
the trajectory of dorsally and ventrolaterally-directed branches
shaped by the Wingless concentration gradient. Genetic epistasis
analysis supports a cell-autonomous role for Frizzled receptors
in transducing the Wingless signal in neurons, in part through
controlling activity of the small GTPase Rac. However, in the
absence of Wingless signaling, ddaE branches still largely orient
along the AP axis suggesting that additional guidance cues orient
these branches (see below).

EPIDERMAL GROWTH-PROMOTING
SIGNALS

SSNs have extreme growth requirements, in many cases
projecting axons over vast distances and elaborating expansive
peripheral arbors. Furthermore, peripheral arbors of SSNs
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exhibit cell type-specific diversity in their size, morphology,
and developmental timing. While many of these features are a
product of cell type-specific transcriptional (Dong et al., 2015)
and translational programs (Lin et al,, 2015), the epidermis
controls important aspects of SSN growth. Different types
of SSNs coexist in the periphery and experience the same
extracellular cues, so how do epidermal cues tune SSN growth
in a cell type-specific fashion? An emerging mechanism for this
SSN type-specific growth control is signaling through receptors
whose expression or signaling capacity is limited to specific types
of SSNs.

Permissive Signals for Neurite Growth
Genetic studies in Drosophila revealed that epidermis-derived
HSPGs control skin innervation in a cell type-specific fashion.
Genetic manipulations blocking HS chain biogenesis in
epidermal cells severely disrupted dendrite growth in C4da
neurons, but not other da neurons (Poe et al., 2017). Likewise,
simultaneously knocking down epidermal expression of the
HSPGs Dally (a GPI-anchored glypican) and Syndecan interfered
with C4da dendrite growth. HSPGs are ECM components that
signal locally through interactions with cell surface receptors and
influence long-range signaling through effects on morphogen
diffusion. HSPG control of C4da dendrite growth was local:
blocking HSPG biogenesis in patches of epidermal cells disrupted
dendrite growth over that patch but not over neighboring cells.
Intriguingly, HSPGs do not appear to disrupt dendrite growth
over apodemes; this may reflect spatial differences in growth-
promoting cues within the epidermis. How do HSPGs regulate
dendrite innervation? Time-lapse imaging revealed that HSPGs
locally stabilize nascent dendrites, likely a consequence of
dendritic microtubule stabilization. In the context of synapse
development, syndecans and glypicans signal through receptor
protein tyrosine phosphatases (RPTPs; Condomitti and de Wit,
2018), however, known RPTPs that bind Dally and Syndecan
were dispensable for C4da dendrite growth (Poe et al., 2017).
Hence, neuronal receptors responsive to Drosophila epidermal
HSPGs remain to be identified. Finally, HSPGs may also regulate
epidermal signal transduction that supports SSN neurite growth,
as a recent study identified epidermal requirements for the RPTP
CLR-1 in PVD dendrite growth (Liu et al., 2016).

In contrast to the relatively simple organization of the
invertebrate epidermis, vertebrate skin is composed of a multi-
layer stratified epidermis, presenting vertebrate SSNs with
additional targeting decisions, including navigation to the
periphery and guidance to the proper cell layer. Epidermal
lesion studies in chicks revealed that, in addition to survival
cues required to maintain peripheral projections, embryonic
epidermis provides signals that promote skin innervation
(Martin et al., 1989). Genetic studies in zebrafish revealed
that epidermal HSPGs comprise one of these cues (Wang
et al, 2012). Although HSPGs are present throughout the
embryo, they are enriched in the epidermis, particularly the BM
where axons enter the skin, suggestive of a role in directing
skin innervation. Indeed, inactivating leukocyte antigen-related
(LAR) family RPTPs disrupted skin innervation by RB neurons,
leading peripheral arbors to branch and arborize beneath the

skin, whereas wild-type neurons branch only after entering
the skin. More importantly, genetic mutations that perturbed
HSPG synthesis prevented appropriate skin innervation by RB
neurons, as did exogenous application of an enzyme (heparinase)
that degrades HSPGs. The latter treatment was particularly
illuminating as focal heparinase injection created small patches
of HSPG-deficient skin, and RB axon innervation was locally
reduced within these HSPG-deficient patches.

In addition to effects on local neurite-ECM interactions,
epidermal HSPGs can exert effects at a distance to create
permissive growth environments. For example, ventral axon
guidance of C. elegans AVM mechanosensory neurons requires
Netrin secreted from the ventral midline (Hedgecock et al., 1990),
and recent studies suggest this UNC-6/Netrin signaling relies
on the hypodermal expression of the HSPG LON-2 (Blanchette
et al., 2015). First, lon-2 mutants exhibit axon guidance defects
that resemble unc-6 mutants. Intriguingly, cultured cells secrete
LON-2 and hypodermal expression of a secreted form of
LON-2 fully rescues lon-2 function in AVM axon guidance.
The finding that secreted LON-2 associates with UNC-40/DCC-
expressing cells in vitro supports a model that LON-2 directly
or indirectly interacts with UNC-40/DCC to modulate Netrin
signaling and defines a new mode of signaling for epidermal-
derived HSPGs. Similarly, the HSPG UNC-52/Perlecan appears
to control dendrite branching of PVD neurons through effects
on the extracellular environment that influence UNC-40/DCC-
Netrin signaling (Celestrin et al., 2018).

Growth Control by Secreted Factors
Drosophila C4da neurons are space-filling neurons with the
most expansive dendrite arbors among da neurons. Homotypic
repulsive signals govern receptive field boundaries and dendrite
spacing in these neurons, but the TGF-B ligand Maverick
(Mav) controls the density of body wall innervation (Hoyer
et al, 2018). Epidermal cells secrete Mav, and ectopic Mav
expression in patches of epidermal cells leads to localized
increases in innervation. Likewise, mav knockdown in small
epidermal patches locally decreases the dendrite density, whereas
knockdown in large patches broadly affects C4da dendrite
branching, suggestive of local and long-range effects on dendrite
growth. How does Mav control dendrite branching? Mav signals
through the receptor tyrosine kinase Ret, and C4da neurons
internalize Mav in a Ret-dependent manner. Mav exhibits
limited diffusion, so following dendrite growth into territories
containing Mav, extracellular Mav is depleted by internalization,
constraining exuberant growth.

These studies raise several interesting questions. First, what
is the nature of the signal transduction pathway by which
Ret locally controls dendrite growth? Loss of Ret or mav
enhances dendrite dynamics, suggesting that Ret-Mav signaling
promotes dendrite stabilization (Hoyer et al., 2018). Further, Ret
mutation leads to local F-actin accumulation in dynamic dendrite
branches, and Ret functions together with Rac to mediate
integrin-based ECM adhesion (see below; Soba et al., 2015), so it
seems likely that Ret-Mav signaling likewise modulates dendritic
cytoskeletal assembly. Second, what coreceptor contributes to
Ret-dependent dendrite growth control? Ret signals together

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2021 | Volume 15 | Article 680345


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Yin et al.

Epidermal Control of Somatosensory Innervation

with a variety of membrane proteins including the GPI-linked
family Ret coreceptors GFRal1-3 (Harrington and Ginty, 2013),
ephrins (Bonanomi et al,, 2012), and integrins (Soba et al,
2015), however, Drosophila lacks identifiable GFRa homologs,
hence Ret-Mav signaling is likely GFRa-independent. The most
plausible candidate is integrin given the requirement for Ret
in integrin-mediated ECM adhesion in these dendrites (see
below). Third, how are short- and long-range Ret signaling
coordinated? Mav exerts short and long-range effects on
C4da dendrite growth, yet Mav exhibits limited diffusion,
so internalized Mav likely regulates growth throughout the
arbor. In vertebrates, internalized Ret-GDNF complexes mediate
long-range retrograde signaling from the periphery together
with GFRa1-3 (Harrington and Ginty, 2013; Tuttle et al., 2019),
but short-range signaling events have been less extensively
characterized. Drosophila Ret contains a single isoform, so this
system presents an opportunity to parse local and long-range
Ret signaling functions without the additional complexity of
Ret isoforms with different intracellular domains and trafficking
properties (Tsui and Pierchala, 2010; Tuttle et al., 2019). Finally,
does Ret similarly regulate SSN peripheral arbor growth together
with TGF-p ligands in vertebrates? Approximately 60% of
mammalian DRG neurons express Ret (Molliver et al., 1997),
but studies of Ret control of epidermal innervation patterns have
largely focused on GDNF signaling (Luo et al., 2007, 2009).

In addition to locally producing and secreting growth-
promoting factors, epidermal cells coordinate diffusible cues
provided from other sources; studies of C. elegans PVD dendrite
morphogenesis illustrate this form of growth control. The
secreted factor LECT-2 is a muscle-derived cue required for PVD
higher-order dendrite branching (Diaz-Balzac et al., 2016; Zou
etal.,2016). LECT-2 accumulates at sites of dendrite formation in
the epidermis, where it interacts with SAX-7/L1CAM. Epidermal
SAX-7/L1CAM functions as part of an intercellular multiprotein
complex together with the neuronal leucine-rich repeat protein
DMA-1 and the secreted protein MNR-1 that drives dendrite
branching (see below), and epistasis analyses demonstrated that
LECT-2 functions together with this complex (Diaz-Balzac et al.,
2016; Zou et al., 2016). Indeed, immunoprecipitation and cell
aggregation assays demonstrated that LECT-2 enhances DMA-
1/MNR-1/SAX-7 complex formation (Zou et al., 2016), hence an
epidermal receptor (SAX-7) cooperates with a long-range signal
(LECT-2) to spatially pattern dendrite growth.

Finally, an underexplored question is the extent to which
epidermal cues attenuate neurite growth and/or drive
denervation of territories after peripheral arbors have been
established. Drosophila epidermal cells constrain SSN dendrite
growth to ensure the synchronous expansion of dendrites and
epidermis during larval growth, and this growth inhibition
relies on direct physical coupling of dendrites to epidermal cells
(ensheathment, see below) as well as increased epidermis-ECM
adhesion that is thought to reduce the permissivity of the
ECM to dendrite growth (Parrish et al.,, 2009). One intriguing
study from C. elegans provides an example of epidermal signals
that drive dendrite regression. Dendrites of PVD neurons
exhibit age-dependent degeneration; an epidermally expressed
antimicrobial peptide (AMP), NLP-29, triggers this degeneration

(Lezi et al., 2018). NLP-29 expression increases during aging or
in response to infection and signals through a neuronal GPCR
(NPR-12) to induce autophagy-mediated dendrite degeneration.
Human skin cells express a diverse array of AMPs, some of
which are induced by injury and deregulated in skin diseases
(Kenshi and Gallo, 2008), so it will be intriguing to determine
whether AMP-mediated autophagy drives neurite degeneration
in human skin.

CONTROL OF SSN NEURITE POSITION BY
ECM INTERACTIONS

A complex repertoire of direct and indirect adhesive interactions
between neurites, the ECM, and epidermal cells precisely
position SSN neurites (Figure 4). Dendrites of Drosophila da
neurons arborize in a mostly 2D space on the basal surface of
epidermal cells, positioned by integrin attachments to the BM
(Han et al., 2012; Kim et al., 2012) that is likewise tethered to
the epidermis by epidermal integrins (Jiang et al., 2014). Dendrite
attachment to the BM requires epidermis-derived laminins, and
reducing expression of neuronal integrins or epidermal laminins
causes dendrites to reorient in 3D space and become embedded
inside epidermal cells (see below; Han et al., 2012; Kim et al,,
2012). This axial repositioning results in out-of-plane dendrite-
dendrite crossing events, demonstrating that ECM attachment
is required to position neurites for avoidance signaling in
Drosophila. Likewise, early anatomical studies of vertebrate SSNs
noted that growing neurites readily cross below the innervated
skin territories and only insert into the basal lamina when they
reach non-innervated skin (Scott et al., 1981; Hayes and Roberts,
1983; Kitson and Roberts, 1983), suggesting that repulsive
interactions between neurites requires ECM interactions and/or
confinement to a 2D plane.

Dendrite positioning in da neurons is further regulated by
additional factors that indirectly mediate ECM attachment. First,
Ret functions together with integrins to regulate dendrite-ECM
attachment (Soba et al., 2015). Ret additionally interacts with
Rac, a GTPase, to regulate dendritic F-actin distribution and,
similar to Ret mutants, Class IV da neurons with compromised
Rac function are no longer confined to a 2D plane. It, therefore,
appears that ECM adhesion by Ret/integrin regulates the actin
cytoskeleton via Rac. Second, epidermally-secreted Semaphorin
Sema-2b signals through neuronal Plexin B to activate the NDR
family kinase Tricornered (Trc), which promotes ECM adhesion
(Meltzer et al., 2016). Constitutive Trc activation suppresses
ECM detachment defects of Sema-2b mutants, and Ndr kinases
regulate integrin-based adhesions in multiple contexts: Trc
inactivation in C4da results in ECM detachment defects (Han
et al., 2012), one additional cell surface receptor (Raw) mediates
integrin-based adhesions via Trc activation (Lee et al., 2015),
and Ndr2 regulates integrin trafficking in hippocampal neurons
(Rehberg et al., 2014). Given that PlexB receptors bind the
beta-integrin Mys in dendrites, receptor activation of Trc may
locally modulate integrin-based ECM contacts. Finally, indirect
interactions with the ECM contribute to the positioning of
sensory dendrites in both Drosophila and C. elegans (Jiang et al.,
2014; Liang et al., 2015).
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In contrast to these invertebrate systems, SSNs in vertebrates
navigate through more complex skin, which presents several
additional challenges. First, different neurons terminate in
different dermal and epidermal layers, innervating particular
territories within those layers. For example, peptidergic
nociceptors terminate in the stratum spinosum (SS), whereas
non-peptidergic nociceptors project through the SS and
innervate the stratum granulosum (SG; Zylka et al., 2005).
Differences in ECM composition across the skin likely direct
these innervation patterns. Indeed, epidermal stem cells in mouse
hair follicles deposit EGF-like domain multiple 6 (EGFL6) into
the collar matrix, which ensheathes mechanosensory lanceolate
complexes (Cheng et al,, 2018), and axons of low threshold
mechanoreceptors form stable integrin-based contacts with
EGFL6. These attachments promote parallel patterning of
axons and terminal Schwann cells in lanceolate complexes
and also contribute to tactile acuity. Beyond this example,
expression analyses of mammalian skin demonstrate that
integrin expression varies across skin layers (Watt, 2002), that
different dermal layers express different ECM components and
contain different fibroblast populations (Rognoni and Watt,
2018), and that epidermal layers exhibit gradients of different
proteoglycans (Sanderson et al, 1992), each of which likely
shapes local innervation patterns. The latter is of note given the
roles for proteoglycans as permissive cues for Drosophila C4da
dendrites and the enrichment of zebrafish HSPGs beneath the
basal cell layer which RB axons innervate (Wang et al., 2012).

As the vertebrate skin grows, not only does it stratify,
but it also adds appendages, such as scales, feathers, and
hair. As these appendages present significant local obstacles
to epidermal innervation, how does the somatosensory system
deal with this challenge? In adult zebrafish, scales are planar
polarized, millimeter-sized bony plates that form a protective
armor immediately below the epidermis. Analysis of the adult
scale epidermis revealed that, in striking contrast to the larval
trunk where RB peripheral axons arborize as individual fibers in
a predominantly dorsal-to-ventral orientation, DRG peripheral
axons entering the adult epidermis form bundles directed
along the AP axis (Figures 3B,C; Rasmussen et al, 2018).
In contrast to the “naked” larval peripheral axons, neural
crest-derived Schwann cells ensheath these bundles, which run
alongside vasculature (Figure 3C), similar to mammalian skin
(Mukouyama et al., 2002). Developmental and genetic analysis
demonstrated that axons and vascular patterning are mutually
independent, but require scale osteoblast-mediated patterning.
Early during scale morphogenesis, directed migration by a subset
of scale osteoblasts creates radial tracts encased by a laminin-rich
ECM along the scale surface. Axons, and later vasculature, then
access the skin by migrating through these tracts. Blocking
scale development resulted in significantly reduced axon and
vascular density and a larval-like polarity of axon arborization.
Mutants with reversed scale polarity also showed reversed axon
polarity. Together, these results indicate that scales are necessary
and sufficient for locally orienting axons in adult zebrafish. As
described above, a conceptually similar polarized orientation of
SSN axon fibers around mouse hair follicles requires epithelial
expression of BDNF (Rutlin et al., 2014). In future studies, it

will be interesting to assess whether SSN guidance along scales
involves similar molecules or, rather, relies on an alternative
mechanism such as haptotaxis.

DIRECT ADHESIVE INTERACTIONS THAT
POSITION SOMATOSENSORY NEURITES

As with secreted factors, gradients of epidermal adhesion
molecules influence peripheral arbor distribution, and studies
of the Teneurin family homophilic adhesion molecule Ten-m
demonstrate how a single adhesion molecule can dictate different
arbor geometries in different neurons (Hattori et al.,, 2013).
Ten-m expression is graded in the Drosophila larval epidermis,
with expression high at the center and low at anterior and
posterior boundaries of each segment, facilitating a gradient
of homophilic Ten-m interactions that provides directional
preference to dendrites. Indeed, high Ten-m expressing Clda
dendrites strongly orient their dendrite branches along the
epidermal Ten-m gradient, whereas low Ten-m expressing
C4da dendrites exhibit directional preference only in the
high-expressing epidermal Ten-m domain. Teneurins organize
the cytoskeleton at synapses in part through contacts with alpha-
spectrin, hence Ten-m adhesions could orient dendrite branches
through direct control of cytoskeletal geometry (Mosca, 2015).

Do teneurins position SSN neurites in other systems?
In C. elegans, neurons and epidermal cells express teneurin
(TEN-1; Morck et al, 2010), but ten-I mutants exhibit
pleiotropic phenotypes, including defects in axon guidance
along the flank and hypodermal cell migration (Drabikowski
et al,, 2005). Genetic interaction studies suggest that TEN-1
functions in BM assembly or maintenance in C. elegans (Topf
and Drabikowski, 2019), and physical interactions between
teneurins and other membrane receptors including integrins and
latrophilin raise the possibility that vertebrate teneurins may
mediate skin innervation by a variety of mechanisms. What
other homophilic adhesion molecules might serve an analogous
role in mammalian skin? Cadherins are appealing candidates
given the many functions for cadherin-based adhesion in nervous
system development and the graded expression of desmosomal
cadherins in epidermal layers (Schifer et al., 1994).

In C. elegans, dendrites of mechanosensory PVD neurons
innervate the muscle-epidermis interface (Figures 1B,C), and
control of PVD dendrite arbor geometry by interactions between
neuronal DMA-1 (a leucine-rich repeat transmembrane protein)
and the epidermal SAX-7/L1ICAM and MNR-1/Menorin
co-ligand complex provides the most extensively characterized
paradigm for the spatial patterning of dendrite arbors by direct
interactions with the hypodermis (reviewed in Richardson and
Shen, 2019; Jin and Kim, 2020). In this system, neuronal DMA-1
interacts with hypodermal SAX-7/L1CAM (an immunoglobulin
superfamily cell adhesion molecule) and MNR-1 to spatially
pattern primary, secondary, and tertiary PVD dendrites (Dong
et al., 2013; Salzberg et al., 2013). The patterned distribution
of SAX-7 in regular hypodermal stripes positions terminal
PVD dendrites, and depleting SAX-7 or altering its distribution
leads to loss or mistargeting of terminal dendrites, respectively
(Dong et al, 2013; Salzberg et al, 2013; Liang et al., 2015;

Frontiers in Cellular Neuroscience | www.frontiersin.org

11

May 2021 | Volume 15 | Article 680345


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Yin et al.

Epidermal Control of Somatosensory Innervation

Zhu et al., 2017). Exclusionary interactions with the muscle-
derived HSPG UNC-52/Perlecan controls SAX-7 distribution in
the epidermis (Liang et al., 2015). UNC-52 is a major component
of the ECM that covers muscle, with UNC-52 tethered to muscle
in a striped pattern by virtue of integrin-based contacts. UNC-52
regulates the position of hypodermal hemidesmosomes, which
connect hypodermal cells to the ECM, and SAX-7 interdigitates
between UNC-52 stripes, which in turn directs growth of PVD
4° branches by interaction with DMA-1 and MNR-1. Signaling
downstream of DMA-1 involves two distinct transduction
mechanisms that promote F-actin assembly: recruitment of
the Rac GEF TIAM-1 through interactions with the DMA-1
intracellular domain, and indirect recruitment of the WAVE
complex via DMA-1 interactions with the claudin HPO-30 (Zou
etal., 2016; Tang et al., 2019).

L1CAM/Neuroglian (Nrg) likewise regulates dendrite
positioning of Drosophila SSN dendrites, albeit by a slightly
different mechanism. In flies, epidermal cells and SSNs
express Nrg isoforms which differ in intracellular but not
extracellular domains and are therefore capable of interacting
(Yamamoto et al., 2006; Yang et al., 2019). A series of genetic
manipulations of neuronal (Nrgl80) or epidermal (Nrgl67)
isoforms demonstrated that dendrite spacing in the epidermis
critically depends on the balance of Nrg dendrite-dendrite and
dendrite-epidermis interactions (Yang et al., 2019). Epidermal
Nrgl67 expression promotes dendrite arborization, potentially
through stabilization of dendritic Nrg180. Furthermore, reduced
Nrgl67 expression in the skin or increased Nrgl80 expression in
neurons led to inappropriate bundling of dendrites. Hence,
Nrgl67 appears to tether dendrites to epidermal cells,
counteracting the bundling induced by Nrgl80 homophilic
interactions.

SPECIALIZED EPIDERMAL-SSN
INTERACTIONS

Many types of cutaneous receptors form specialized terminal
structures with epidermal components that contribute to
somatosensation (reviewed in Owens and Lumpkin, 2014).
For example, low threshold mechanoreceptor afferents
form synapse-like contacts with Merkel cells (Mihara et al,
1979), which respond to mechanical stimuli and tune gentle
touch responses (Maksimovic et al., 2014). Similarly, afferent
interactions with radially packed Schwann cell-derived lamellar
cells in Pacinian corpuscles facilitate high—frequency sensitivity
(Loewenstein and Skalak, 1966). Less is known about the
structural and functional coupling of keratinocytes to SSN
free nerve endings that innervate the epidermis, but studies in
worms, flies, and fish have identified the developmental origin
and potential functions of epidermal sheaths that wrap these
SSN neurites.

Developmental Origins of Ensheathment

Anatomical studies dating back more than 50 years suggested
that epidermal cells physically wrap portions of free nerve
endings (Munger, 1965). However, the lack of suitable markers
for labeling the neurons meant that ensheathed neurites (also

referred to as “enclosed” neurites in some studies, e.g., Han et al.,
2012; Kim et al., 2012) could not be unambiguously distinguished
from other peripheral cell extensions, such as dendritic processes
of Langerhans cells (Kruger et al., 1981). Serial-section electron
microscopy studies provided one solution to this problem;
following SSN axons as they exit Schwann cells and insert
into keratinocytes established that SSN axons indeed insert into
epidermal cells (Cauna, 1973, 1980). Ultrastructural studies of
C. elegans TRNs revealed that the hypodermis wraps neurites
of ALM and PLM (Chalfie and Sulston, 1981), and studies
in C. elegans provided the first clues about the developmental
origin of epidermal sheaths. In newly hatched larvae, TRN
neurites are located adjacent to the muscle (Emtage et al., 2004).
During larval growth, the hypodermis extends between the TRN
neurite and muscle, displacing the neurite from its position
adjacent to the muscle and ensheathing the neurite (Figure 4C).
Drosophila and zebrafish epidermal cells similarly wrap SSN
neurites, with sheaths forming by membrane invaginations that
wrap membranes around the entire circumference of the sensory
neurite (Han et al., 2012; O’Brien et al., 2012; Kim et al., 2012).
The wrapping epidermal membranes are tightly apposed to one
another and the ensheathed neurites, embedding the neurites in
a mesaxon-like structure that can extend over lengths of several
microns or more (O’Brien et al., 2012; Jiang et al., 2019) and
encompass >30% of C4da dendrite arbors in Drosophila (Jiang
etal., 2018).

How are sheaths formed? Studies in Drosophila and
zebrafish defined an evolutionarily conserved pathway for this
morphogenetic event (Jiang et al., 2019). The earliest discernable
event in this pathway is the formation of phosphatidylinositol
4,5-bisphosphate (PIP,)-enriched microdomains on epidermal
membranes adjacent to sensory neurites (Figure 4E). As
epidermal membranes invaginate to ensheath neurites, these
microdomains extend along the entire length of the sheath.
PIP; is a negatively charged phospholipid that recruits proteins
to the plasma membrane (De Craene et al, 2017), and PIP;
enrichment at nascent sheaths is followed by recruitment
of the GTPase Rhol and filamentous actin (F-actin) to
the cortex of the epidermal membrane surrounding the
invaginating neurite (Jiang et al., 2019). Finally, junctional
proteins are recruited to sheaths, where they may seal
sheaths and limit sheath permeability (Kim et al., 2012; Jiang
et al., 2019). The nature of these autotypic junctions is not
fully defined, but zebrafish sheaths contain both adherens
junctions and desmosomes (Jiang et al, 2019), whereas
Drosophila sheaths contain adherens junction (E-cadherin, B-
catenin/armadillo) and numerous septate junction proteins
(Discs large, Coracle/Band4.1, Nrg/L1CAM, Neurexin-IV, and
Scribble, among others; Kim et al., 2012; Tenenbaum et al., 2017;
Jiang et al., 2019; Yang et al.,, 2019). Although the molecular
basis for the recruitment of these junctional proteins remains
to be determined, studies in Drosophila suggest one plausible
mechanism. Cora, the sole Drosophila erythrocyte membrane
protein band 4.1 (EPB41) family member, is required for
sheath formation, and EPB41 proteins function as interaction
hubs that organize specialized plasma membrane domains
(reviewed in Baines et al, 2014). Within the nervous system,
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the EPB41 family protein EPB41L2/4.1G is concentrated at
membranes of Schwann cells (Ohno et al., 2006) and plays
essential roles in Schwann cell ensheathment, in part through
organizing glial transmembrane proteins (Ivanovic et al., 2012;
Terada et al., 2019). Similarly, Cora organizes septate junctions
(SJs) via interactions with Neurexin-IV and Nrg/L1CAM (Lamb
et al,, 1998; Ward et al., 1998) and is required for accumulation
of Nrg at sheaths (Yang et al., 2019). Epidermal sheaths are
enriched in PIP,, purified recombinant versions of the Cora
FERM domain directly bind PIP, (Nunomura et al., 2014), and
PIP, binding modulates EPB41 family binding specificity for
membrane proteins (An et al., 2006). Hence, PIP, accumulation
may drive epidermal sheath maturation via the recruitment of
Cora/EPB41.

The deep conservation of the pathway for sheath formation
suggests that similar events likely govern sheath formation in
mammals. However, sheaths may form by alternative pathways
as well. Epidermally-embedded dendrites lacking identifiable
sheath structures have been described in Drosophila (Han et al.,
2012). Although these structures may represent instances of
sheath loss, time-lapse imaging demonstrates that sheaths are
remarkably stable structures (Jiang et al., 2019). Furthermore,
the spatial distribution of these structures, which occur at
epidermal intercellular junctions, is distinct from the majority of
ensheathed dendrites, which occur on the basal face of epidermal
cells. Some features of C. elegans sheaths likewise appear to be
unique. First, C. elegans sheaths form by extending hypodermal
cell membranes around target neurites rather than membrane
invagination. Following hypodermal wrapping of TRN neurites,
hemidesmosome structures form, anchoring neurite attachment
to the hypodermis (Vogel and Hedgecock, 2001). Second, a
specialized ECM surrounds ensheathed TRN neurites (Emtage
et al., 2004); a specialized sheath ECM has yet to be identified in
fish or flies.

Sheath Organization

Several key principles governing sheath distribution have
emerged. First, SSN ablation prevents sheath formation in
Drosophila and zebrafish alike (Jiang et al., 2019) and sheath
structures appear only at sites of neurite contact, suggesting
that neurons initiate the process. Second, although epidermal
cells ensheath different classes of SSNs to different degrees in
both Drosophila and zebrafish (Jiang et al., 2019), the epidermal
sheaths that wrap different SSN types appear structurally similar.
Ablation studies have not revealed competitive interactions
between neurons for sheaths, suggesting that competition for
limited epidermal occupancy does not determine ensheathment
levels. Thus, the levels of sheath-inducing signals(s) expressed
by a particular SSN type likely determines the extent of
ensheathment. Third, sheath formation is temporally regulated.
In flies, worms, and fish SSNs innervate the epidermis hours
or days prior to sheath formation (Emtage et al., 2004; O'Brien
et al,, 2012; Jiang et al., 2014). Fourth, sheaths generally contain
only a single neurite (Jiang et al.,, 2019; Talagas et al., 2020b),
possibly the consequence of neurite-neurite avoidance signals
that limit neurite coincidence at sites of sheath formation
(Yang et al,, 2019). Fifth, different epidermal cell types have

different capacities for ensheathment, and this is especially true
in animals with a multilayered epidermis. In Drosophila larvae,
most epidermal cells appear capable of forming sheaths with
the notable exception of apodemes (Jiang et al., 2019). In the
bilayered zebrafish larval epidermis, sensory axons innervate
the region between the periderm and basal cell layer but only
basal cells ensheath axons (O’Brien et al., 2012); similarly,
structures resembling epidermal sheaths are apparent in the
outer but not inner layers of the stratified human epidermis
(Figure 4D; Talagas et al., 2020b). Recent studies characterizing
transcriptional differences between these different epidermal cell
types may facilitate identification of ensheathment machinery
(Cheng et al., 2018; Cokus et al., 2019).

What are the identities of signals that drive sheath formation?
First, integrins function cell-autonomously in SSNs to limit
ensheathment: integrin knockdown enhances ensheathment
of all SSNs, including normally unensheathed neurons (Han
et al, 2012; Kim et al, 2012). Likewise, attenuating epidermal
laminin production potentiates ensheathment (Han et al,
2012), suggestive of a dynamic interplay between adhesive
interactions that drive ensheathment and ECM interactions that
limit ensheathment. Dendrite-epidermis tethering mediated by
Nrg/L1ICAM potentiates epidermal SSN ensheathment (Yang
et al., 2019). However, ensheathment is still observed in the
absence of Nrgl67 expression, Nrgl67 mediates epidermal
attachment of ensheathed and unensheathed dendrites alike, and
Nrgl180 levels do not covary with the level of ensheathment in
different SSNs. Hence, additional signals likely dictate patterns
of sheath formation.

Functions of Epidermal Sheaths

Epidermal sheaths serve a variety of functions in SSN
morphogenesis. First, epidermal ensheathment facilitates the
coexistence of different SSN arbors in Drosophila. Most da
neuron dendrites occupy a 2D territory on the basal surface of
epidermal cells (Han et al,, 2012; Kim et al.,, 2012; Lee et al,,
2015), but ensheathed portions of arbors shift apically inside the
epidermal monolayer, allowing other da neurons to innervate
unoccupied basal space and “share” territory (Figures 4A,B,E;
Tenenbaum et al., 2017).

Second, epidermal sheaths regulate SSN branching and
structural plasticity (Jiang et al, 2014; Lee et al., 2015;
Tenenbaum et al., 2017). After establishing complete body wall
coverage, C4da dendrite structural plasticity is progressively
restricted (Parrish et al., 2009), with epidermis and C4da arbors
expanding in synchrony. In Drosophila larvae, the epidermally-
expressed microRNA bantam (ban), controls this developmental
restriction of C4da plasticity (Parrish et al., 2009). Loss of ban
function completely blocks epidermal ensheathment and causes
dendrites to branch exuberantly. ban regulates ensheathment
in part by increasing epidermal integrin expression and hence
promoting epidermis-ECM interactions (Jiang et al., 2014).
A similar mechanism may regulate permissivity to neurite
growth in mammalian skin given the regional differences in
integrin expression (Watt, 2002). Ban may additionally regulate
the competence of epidermal cells to ensheath SSNs as ban
expression precedes ensheathment and accelerating the timing of
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ban expression leads to precocious ensheathment and epidermal
plasma membrane invagination (Parrish et al., 2009; Jiang et al.,
2014). As with ban mutants, knockdown of epidermal factors
required for sheath formation including Cora/Band 4.1 leads to
changes in dendrite branch number and dynamics (Tenenbaum
etal., 2017; Jiang et al., 2019). Finally, within the dendritic arbor
of a single neuron, unensheathed dendrites exhibited enhanced
dynamics and were less persistent than ensheathed dendrites.
Therefore, epidermal sheaths promote dendrite stabilization and
constrain dendrite growth.

Epidermal sheaths likewise promote long-term TRN axon
maintenance in C. elegans. Longitudinal imaging demonstrated
that mutations preventing TRN ensheathment caused blebbing
and degeneration of adult TRN neurites (Pan et al, 2011).
What is the source of these maintenance defects? One
plausible explanation is that sheaths protect TRN neurites
from mechanical damage. Indeed, a genetic screen for TRN
stabilization factors identified requirements for epidermal UNC-
70/B-spectrin and the Rab GTPase RAB-35 in sheath formation
and protection of TRNs from mechanical damage (Coakley
et al.,, 2020). UNC-70/B-spectrin and a RAB-35 GAP, TBC-10,
accumulate along TRN sheath furrows. Inactivation of either
unc-70 or tbc-10 led to deficits in TRN ensheathment, loss
of hemidesmosome structures, which resist mechanical stress
(Zhang et al., 2011), and TRN degeneration at sites of sheath
loss (Coakley et al., 2020). Mutations that paralyzed C. elegans
suppress these phenotypes, strongly suggesting that mechanical
strain associated with locomotion drives hemidesmosome loss
and axon fragmentation in unc-70 and tbc-10 mutants.

Finally, epidermal sheaths modulate SSN function in certain
contexts. Blocking epidermal sheath assembly or maturation in
Drosophila attenuates responses to noxious mechanical stimuli
(Jiang et al., 2019). By contrast, epidermal wrapping of touch cells
in C. elegans does not affect touch sensitivity (Chen and Chalfie,
2014), suggesting that structurally distinct sheaths can serve
different functions. Keratinocytes release compounds that can
modulate SSN function (Woolf et al., 1997; Koizumi et al., 2004;
Moehring et al., 2018), hence it seems plausible that epidermal
sheaths could function as release sites that functionally couple
sheath-forming epidermal cells and SSNs. Such a scenario would
be reminiscent of Merkel cell communication with SSNs (Mihara
et al., 1979; Maksimovic et al., 2013, 2014; Woo et al., 2014;
Hoffman et al., 2018). While some studies have suggested that
keratinocytes express presynaptic release machinery that may be
involved in neurotransmitter release (Talagas et al., 2020a), these
studies are currently limited to in vitro co-culture experiments
of DRG neurons and keratinocytes, so whether such contacts
form in vivo remains to be determined. Some of the proteins
that localize to epidermal sheaths, including Cora/Band 4.1 and
Nrg/L1CAM, play established roles in synaptic organization, so
it will be intriguing to see whether sheaths function as scaffolds
for the release of signaling molecules that modulate SSN activity.

EPIDERMAL PRUNING OF SSNs

Both developmental remodeling and damage-induced
degeneration of neurites require nearby phagocytes to aid

in the pruning or removal of debris. On a tissue level, pruning
or timely removal of debris after neurite degeneration is of
paramount importance to reduce inflaimmation caused by
lingering cell debris and facilitate possible reinnervation of
target sites (reviewed in Coleman and Hoke, 2020). This is
a particular challenge for the skin given the enormous size,
density, and complexity of peripheral cutaneous neurites, where
a single ending in the mouse skin can reach ~1 meter in length
(Wu et al., 2012).

In many other contexts, “professional” phagocytes mediate
neuronal and neurite removal (e.g., microglia in the mammalian
CNS). What are the cells that mediate engulfment and
digestion of neurite debris in the skin? Surprisingly, neither
macrophage-like hemocytes in Drosophila nor hematopoietic-
derived cells in zebrafish play major roles in SSN debris
engulfment in larval skin (Han et al, 2014; Rasmussen
et al, 2015). These observations suggest that regulation of
SSN homeostasis involves specialized aspects of the skin
microenvironment and/or molecular mechanisms. Indeed,
“non-professional” epithelial cells are the major phagocytic cell
type for SSN debris in the epidermis of larval worms, flies, and
zebrafish (Han et al., 2014; Rasmussen et al., 2015; Nichols et al.,
2016). For example, in Drosophila larvae, epidermal cells mediate
developmental pruning of C4da dendritic arbors (in particular,
ddaC) and engulf dendrite debris generated via laser-induced
damage (Han et al.,, 2014). Similarly, both layers of the larval
zebrafish epidermis engulf axonal debris following laser-induced
degeneration of SSN arbors (Figures 5A,B; Rasmussen et al.,
2015). Interestingly, zebrafish epidermal cells can also engulf
debris from other axonal or cell types, suggesting they are not
tuned to recognize only SSN debris, and that studies of the
mechanisms underlying neurite recognition and engulfment may
yield broader insights into skin repair.

Epidermal and non-epidermal cells (such as glia) often rely
on the same set of phagocytic machinery to recognize and engulf
synapses, cell corpses, or debris (Figure 5A). In Drosophila,
many studies have focused on Draper (drpr), an engulfment
receptor, as an important component in both epidermal and
non-epidermal phagocytic clearance of axon debris (Awasaki
et al.,, 2006; MacDonald et al., 2006; Han et al., 2014). Indeed,
pruning and engulfment of debris by fly epidermal cells depends
on Draper (Han et al,, 2014). Similarly, in worms, engulfment
of axonal debris requires CED-1, a Draper homolog (Nichols
et al,, 2016). Additional work in C. elegans found that ZIG-10, a
two-immunoglobulin domain transmembrane protein, regulates
CED-1/Draper-mediated synapse clearance in the epidermis
(Cherra and Jin, 2016). Similar to glia, epidermal cell engulfment
involves reorganization of the actin cytoskeleton (via Racl, CED-
10, and WASp) downstream of engulfment receptors (Nichols
et al, 2016). Lastly, exposure of phosphatidylserine by SSN
neurites likely acts as a molecular cue for engulfment by
epidermal cells, similar to pruning in the CNS and engulfment
of apoptotic cells (Ravichandran, 2010; Sapar et al., 2018; Scott-
Hewitt et al., 2020).

What is the fate of internalized neurite debris? Studies of
the intracellular processing of debris in epidermal cells have
revealed both old and new requirements. In zebrafish, debris
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FIGURE 5 | Engulfment of synapses or neurite debris by epidermal cells. (A) A synapse to be eliminated or a damaged neurite undergoes recognition, engulfment,
and degradation by the surrounding epidermal cells. The currently identified molecular machinery for these processes is listed in the table. (B) Time-lapse
microscopy of engulfment and degradation of SSN axon debris by epidermal cells following axotomy in larval zebrafish. Green arrowheads indicate engulfment and
internalization of axon debris [labeled by Tg(is/1[ss]:lexa;lexaop:tdTomato)] into epidermal phagosomes [labeled by TgBAC(063:Gal4FF); Tg(4x UAS:EGFP-2xFYVE)).
Blue arrowheads indicate acidification of the phagosomal compartments as visualized by Lysotracker staining. Micrographs in (B) reprinted from Rasmussen et al.

acidification and processing requires the Rab5/Rab7 endosome
maturation pathway classically used by professional phagocytes
(Rasmussen et al, 2015). Epidermal phagosome maturation
in Drosophila requires the CD36 family member Croquemort
(crq; Han et al,, 2014), which had been previously studied for its
role in the clearance of apoptotic corpses in Drosophila (Franc
et al,, 1999). Furthermore, an RNAi screen identified debris
buster, a novel component of the phagosome maturation
pathway, highlighting the potential for studies of SSN
degradation as a gene discovery tool for phagocytic regulators
(Han et al., 2014).

Questions remain about epidermal involvement in neurite
pruning and debris removal in adult animals, as well as
whether these features are conserved in mammalian systems.
Intriguingly, one recent study in mice found that epidermal
SSN fibers often reside directly beneath keratinocyte tight
junctions that form below the outer, cornified layer (Takahashi

et al, 2019). In instances where new tight junctions are
forming, epidermal keratinocytes can prune cutaneous neurites
to keep them below the tight junctions. In a mouse model
of epidermal barrier impairment (Spade) and in human skin
samples from patients with atopic dermatitis (AD), epidermal
fibers often penetrate through the tight junction barrier and
avoid pruning by keratinocytes. These observations raise the
interesting possibility that aspects of pathological itch in AD
may be due to aberrant SSN pruning by epidermal cells. It is
possible that similar mechanisms may be at play in other skin
diseases, lending to their pathologies, but this requires more
careful investigation.

FUTURE PROSPECTS

Despite the recent progress, substantial questions remain to
be answered about epidermal control of SSN innervation. One
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pressing question is the extent to which epidermal diversity
contributes to innervation patterns. A necessary prerequisite to
answering this question is a deeper sampling of epidermal cell
types. Even within model systems, this question is understudied,
hence leveraging positional information embedding in the
Drosophila body plan and/or comparative analysis of zebrafish
epidermal cells should provide insight into diverse epidermal
functions in control of SSN innervation. How are epidermal
signals integrated over space (long- and short-range) and
time? C. elegans presents an appealing system to address
these questions, given the morphological stereotypy and
limited cellular diversity. Finally, how do different SSNs
achieve type-specific innervation patterns in response to similar
extracellular cues? Neuron type-specific expression of receptors
for these cues has been a focus of recent study, but additional
mechanisms likely contribute including cell- and context-
dependent signal transduction, as well as spatial tuning of
receptivity to signals within SSN arbors.

REFERENCES

Albeg, A., Smith, C. J., Chatzigeorgiou, M., Feitelson, D. G., Hall, D. H,,
Schafer, W. R,, et al. (2011). C. elegans multi-dendritic sensory neurons:
morphology and function. Mol. Cell. Neurosci. 46, 308-317. doi: 10.1016/j.mcn.
2010.10.001

An, X., Zhang, X., Debnath, G., Baines, A. J., and Mohandas, N. (2006).
Phosphatidylinositol-4,5-biphosphate  (pip2) differentially regulates the
interaction of human erythrocyte protein 4.1 (4.1R) with membrane proteins.
Biochemistry 45, 5725-5732. doi: 10.1021/bi060015v

Awasaki, T., Tatsumi, R., Takahashi, K., Arai, K., Nakanishi, Y., Ueda, R, et al.
(2006). Role of the apoptotic cell engulfment genes draper and Ced-6 in
programmed axon pruning during Drosophila metamorphosis. Neuron 50,
855-867. doi: 10.1016/j.neuron.2006.04.027

Badea, T. C., Williams, J., Smallwood, P., Shi, M., Motajo, O., and Nathans, J.
(2012). expression of Brn3 transcription factors in
somatosensory neurons: genetic and morphologic analysis. J. Neurosci.
32,995-1007. doi: 10.1523/JNEUROSCI.4755-11.2012

Bai, L., Lehnert, B. P, Liu, J., Neubarth, N. L., Dickendesher, T. L., Nwe, P. H.,
et al. (2015). Genetic identification of an expansive mechanoreceptor sensitive
to skin stroking. Cell 163, 1783-1795. doi: 10.1016/j.cell.2015.11.060

Baines, A. J., Lu, H.-C.,, and Bennett, P. M. (2014). The protein 4.1 family: hub
proteins in animals for organizing membrane proteins. Biochim. Biophys. Acta
1838, 605-619. doi: 10.1016/j.bbamem.2013.05.030

Bakkers, J., Hild, M., Kramer, C., Furutani-Seiki, M., and Hammerschmidt, M.
(2002). Zebrafish DeltaNp63 is a direct target of bmp signaling and encodes a
transcriptional repressor blocking neural specification in the ventral ectoderm.
Dey. Cell 2, 617-627. doi: 10.1016/s1534-5807(02)00163-6

Bejsovec, A., and Wieschaus, E. (1993). Segment polarity gene interactions
modulate epidermal patterning in Drosophila embryos. Development 119,
501-517. doi: 10.1242/dev.119.2.501

Bier, E, Jan, L. Y., and Jan, Y. N. (1990). Rhomboid, a gene required for
dorsoventral axis establishment and peripheral nervous system development
in Drosophila melanogaster. Genes Dev. 4, 190-203. doi: 10.1101/gad.4.2.190

Blanchette, C. R., Perrat, P. N., Thackeray, A., and Bénard, C. Y. (2015). Glypican
is a modulator of netrin-mediated axon guidance. PLoS Biol. 13:¢1002183.
doi: 10.1371/journal.pbio.1002183

Bodmer, R., Carretto, R., and Jan, Y. N. (1989). Neurogenesis of the peripheral
nervous system in Drosophila embryos: DNA replication patterns and cell
lineages. Neuron 3, 21-32. doi: 10.1016/0896-6273(89)90112-8

Bonanomi, D., Chivatakarn, O., Bai, G., Abdesselem, H., Lettieri, K,
Marquardt, T, et al. (2012). Ret is a multifunctional coreceptor that integrates
diffusible- and contact-axon guidance signals. Cell 148, 568-582. doi: 10.1016/j.
cell.2012.01.024

Combinatorial

AUTHOR CONTRIBUTIONS

CY, EP, JR, and JP wrote this manuscript. All authors contributed
to the article and approved the submitted version.

FUNDING

JR was supported by the National Institutes of Health
(NINDS RO1 NS076614), the Weill Neurohub, and the
University of Washington Royalty Research Fund. JR was a
Washington Research Foundation Distinguished Investigator
and was supported by the University of Washington Royalty
Research Fund, the National Institutes of Health (NICHD
R0O0 HDO086271), the Fred Hutch/University of Washington
Cancer Consortium (NCI P30 CA015704), and the University of
Washington Diabetes Research Center (NIDDK P30 DK017047).
EP was supported by a Washington Research Foundation
Postdoctoral Fellowship.

Borchiellini, C., Coulon, J., and Le Parco, Y. (1996). The function of type IV
collagen during Drosophila muscle development. Mech. Dev. 58, 179-191.
doi: 10.1016/50925-4773(96)00574-6

Cauna, N. (1973). The free penicillate nerve endings of the human hairy skin.
J. Anat. 115, 277-288.

Cauna, N. (1980). Fine morphological characteristics and microtopography of
the free nerve endings of the human digital skin. Anat. Rec. 198, 643-656.
doi: 10.1002/ar.1091980409

Celestrin, K., Diaz-Balzac, C. A., Tang, L. T. H. Ackley, B. D., and
Billow, H. E. (2018). Four specific immunoglobulin domains in UNC-
52/perlecan function with NID-1/nidogen during dendrite morphogenesis
in Caenorhabditis elegans. Development 145:dev158881. doi: 10.1242/dev.
158881

Chalfie, M., and Sulston, J. (1981). Developmental genetics of the mechanosensory
neurons of Caenorhabditis elegans. Dev. Biol. 82, 358-370. doi: 10.1016/0012-
1606(81)90459-0

Chang, W.-J., and Hwang, P.-P. (2011). Development of zebrafish epidermis. Birth
Defects Res. C Embryo Today 93, 205-214. doi: 10.1002/bdrc.20215

Chatzigeorgiou, M., Yoo, S., Watson, J. D., Lee, W.-H., Clay Spencer, W.,
Kindt, K. S., et al. (2010). Specific roles for DEG/ENaC and TRP channels
in touch and thermosensation in C. elegans nociceptors. Nat. Neurosci. 13,
861-868. doi: 10.1038/nn.2581

Chen, X., and Chalfie, M. (2014). Modulation of C. elegans touch
sensitivity is integrated at multiple levels. J. Neurosci. 34, 6522-6536.
doi: 10.1523/JNEUROSCI.0022-14.2014

Chen, C.-H., He, C.-W,, Liao, C.-P., and Pan, C.-L. (2017). A Wnt-planar polarity
pathway instructs neurite branching by restricting F-actin assembly through
endosomal signaling. PLoS Genet. 13:21006720. doi: 10.1371/journal.pgen.
1006720

Cheng, J. B., Sedgewick, A. J., Finnegan, A. I., Harirchian, P., Lee, J., Kwon, S.,
et al. (2018). Transcriptional programming of normal and inflamed human
epidermis at single-cell resolution. Cell Rep. 25, 871-883. doi: 10.1016/j.celrep.
2018.09.006

Cheng, C.-C,, Tsutsui, K., Taguchi, T., Sanzen, N., Nakagawa, A., Kakiguchi, K.,
et al. (2018). Hair follicle epidermal stem cells define a niche for tactile
sensation. eLife 7:e38883. doi: 10.7554/eLife.38883

Cherra, S. J. III, and Jin, Y. (2016). A two-immunoglobulin-domain
transmembrane protein mediates an epidermal-neuronal interaction to
maintain synapse density. Neuron 89, 325-336. doi: 10.1016/j.neuron.2015.
12.024

Chien, S.-C. J., Gurling, M., Kim, C., Craft, T., Forrester, W., and Garriga, G.
(2015). Autonomous and nonautonomous regulation of Wnt-mediated
neuronal polarity by the C. elegans Ror kinase CAM-1. Dev. Biol. 404, 55-65.
doi: 10.1016/j.ydbi0.2015.04.015

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2021 | Volume 15 | Article 680345


https://doi.org/10.1016/j.mcn.2010.10.001
https://doi.org/10.1016/j.mcn.2010.10.001
https://doi.org/10.1021/bi060015v
https://doi.org/10.1016/j.neuron.2006.04.027
https://doi.org/10.1523/JNEUROSCI.4755-11.2012
https://doi.org/10.1016/j.cell.2015.11.060
https://doi.org/10.1016/j.bbamem.2013.05.030
https://doi.org/10.1016/s1534-5807(02)00163-6
https://doi.org/10.1242/dev.119.2.501
https://doi.org/10.1101/gad.4.2.190
https://doi.org/10.1371/journal.pbio.1002183
https://doi.org/10.1016/0896-6273(89)90112-8
https://doi.org/10.1016/j.cell.2012.01.024
https://doi.org/10.1016/j.cell.2012.01.024
https://doi.org/10.1016/s0925-4773(96)00574-6
https://doi.org/10.1002/ar.1091980409
https://doi.org/10.1242/dev.158881
https://doi.org/10.1242/dev.158881
https://doi.org/10.1016/0012-1606(81)90459-0
https://doi.org/10.1016/0012-1606(81)90459-0
https://doi.org/10.1002/bdrc.20215
https://doi.org/10.1038/nn.2581
https://doi.org/10.1523/JNEUROSCI.0022-14.2014
https://doi.org/10.1371/journal.pgen.1006720
https://doi.org/10.1371/journal.pgen.1006720
https://doi.org/10.1016/j.celrep.2018.09.006
https://doi.org/10.1016/j.celrep.2018.09.006
https://doi.org/10.7554/eLife.38883
https://doi.org/10.1016/j.neuron.2015.12.024
https://doi.org/10.1016/j.neuron.2015.12.024
https://doi.org/10.1016/j.ydbio.2015.04.015
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Yin et al.

Epidermal Control of Somatosensory Innervation

Chisholm, A. D., and Hsiao, T. I. (2012). The Caenorhabditis elegans epidermis as
a model skin. I: development, patterning, and growth. Wiley Interdiscip. Rev.
Dev. Biol. 1, 861-878. doi: 10.1002/wdev.79

Coakley, S., Ritchie, F. K., Galbraith, K. M., and Hilliard, M. A. (2020).
Epidermal control of axonal attachment via B-spectrin and the GTPase-
activating protein TBC-10 prevents axonal degeneration. Nat. Commun.
11:133. doi: 10.1038/541467-019-13795-x

Cokus, S.]., De La Torre, M., Medina, E. F., Rasmussen, J. P., Ramirez-Gutierrez, J.,
Sagasti, A., et al. (2019). Tissue-specific transcriptomes reveal gene expression
trajectories in two maturing skin epithelial layers in zebrafish embryos. G3 9,
3439-3452. doi: 10.1534/g3.119.400402

Cole, L. K., and Ross, L. S. (2001). Apoptosis in the developing zebrafish embryo.
Dev. Biol. 240, 123-142. doi: 10.1006/dbi0.2001.0432

Coleman, M. P., and Hoéke, A. (2020). Programmed axon degeneration:
from mouse to mechanism to medicine. Nat. Rev. Neurosci. 21, 183-196.
doi: 10.1038/s41583-020-0269-3

Condomitti, G., and de Wit, J. (2018). Heparan sulfate proteoglycans as emerging
players in synaptic specificity. Front. Mol. Neurosci. 11:14. doi: 10.3389/fnmol.
2018.00014

Corniani, G., and Saal, H. P. (2020). Tactile innervation densities across the whole
body. J. Neurophysiol. 124, 1229-1240. doi: 10.1152/jn.00313.2020

Corsi, A. K., Wightman, B, and Chalfie, M. (2015). A transparent
window into biology: a primer on Caenorhabditis elegans. WormBook
doi: 10.1895/wormbook.1.177.1. [Epub ahead of print].

Curtright, A., Rosser, M., Goh, S., Keown, B., Wagner, E., Sharifi, ]., et al. (2015).
Modeling nociception in zebrafish: a way forward for unbiased analgesic
discovery. PLoS One 10:¢0116766. doi: 10.1371/journal.pone.0116766

De Craene, J.-O., Bertazzi, D. L., Bér, S., and Friant, S. (2017). Phosphoinositides,
major actors in membrane trafficking and lipid signaling pathways. Int. J. Mol.
Sci. 18:634. doi: 10.3390/ijms18030634

Diaz-Balzac, C. A., Rahman, M., Lazaro-Pena, M. 1., Martin Hernandez, L. A,,
Salzberg, Y., Aguirre-Chen, C,, et al. (2016). Muscle- and skin-derived cues
jointly orchestrate patterning of somatosensory dendrites. Curr. Biol. 26:2397.
doi: 10.1016/j.cub.2016.07.078

Dimitrova, S., Reissaus, A., and Tavosanis, G. (2008). Slit and robo regulate
dendrite branching and elongation of space-filling neurons in Drosophila. Dev.
Biol. 324, 18-30. doi: 10.1016/j.ydbio.2008.08.028

DiNardo, S., Heemskerk, J., Dougan, S., and O’Farrell, P. H. (1994). The making of
a maggot: patterning the Drosophila embryonic epidermis. Curr. Opin. Genet.
Dev. 4, 529-534. doi: 10.1016/0959-437x(94)90068-¢

Dong, X., Liu, O. W., Howell, A. S., and Shen, K. (2013). An extracellular adhesion
molecule complex patterns dendritic branching and morphogenesis. Cell 155,
296-307. doi: 10.1016/j.cell.2013.08.059

Dong, X., Shen, K, and Billow, H. E. (2015). Intrinsic and extrinsic
mechanisms of dendritic morphogenesis. Annu. Rev. Physiol. 77, 271-300.
doi: 10.1146/annurev-physiol-021014-071746

Drabikowski, K., Trzebiatowska, A., and Chiquet-Ehrismann, R. (2005). Ten-1,
an essential gene for germ cell development, epidermal morphogenesis, gonad
migration, and neuronal pathfinding in Caenorhabditis elegans. Dev. Biol. 282,
27-38. doi: 10.1016/j.ydbio.2005.02.017

Emtage, L., Gu, G., Hartwieg, E., and Chalfie, M. (2004). Extracellular proteins
organize the mechanosensory channel complex in C. elegans touch receptor
neurons. Neuron 44, 795-807. doi: 10.1016/j.neuron.2004.11.010

Esancy, K., Condon, L., Feng, J., Kimball, C., Curtright, A., and Dhaka, A. (2018).
A zebrafish and mouse model for selective pruritus via direct activation of
TRPAL. eLife 7:€32036. doi: 10.7554/eLife.32036

Fan, L., Kovacevic, 1., Heiman, M. G., and Bao, Z. (2019). A multicellular rosette-
mediated collective dendrite extension. eLife 8:¢38065. doi: 10.7554/eLife.38065

Faucherre, A., Nargeot, J., Mangoni, M. E., and Jopling, C. (2013). Piezo2b
regulates vertebrate light touch response. J. Neurosci. 33, 17089-17094.
doi: 10.1523/JNEUROSCI.0522-13.2013

Fleming, T. Chien, S.-C., Vanderzalm, P. ], Dell, M., Gavin, M. K,
Forrester, W. C,, et al. (2010). The role of C. elegans Ena/VASP homolog
UNC-34 in neuronal polarity and motility. Dev. Biol. 344, 94-106.
doi: 10.1016/j.ydbi0.2010.04.025

Franc, N. C., Heitzler, P., Ezekowitz, R. A., and White, K. (1999). Requirement
for croquemort in phagocytosis of apoptotic cells in Drosophila. Science 284,
1991-1994. doi: 10.1126/science.284.5422.1991

Gao, F. B, Brenman, J. E, Jan, L. Y., and Jan, Y. N. (1999). Genes regulating
dendritic outgrowth, branching, and routing in Drosophila. Genes Dev. 13,
2549-2561. doi: 10.1101/gad.13.19.2549

Gau, P., Curtright, A, Condon, L., Raible, D. W., and Dhaka, A. (2017). An
ancient neurotrophin receptor code; a single Runx/CbfB complex determines
somatosensory neuron fate specification in zebrafish. PLoS Genet. 13:e1006884.
doi: 10.1371/journal.pgen.1006884

Gau, P., Poon, J., Ufret-Vincenty, C., Snelson, C. D., Gordon, S. E., Raible, D. W.,
et al. (2013). The zebrafish ortholog of TRPV1 is required for heat-induced
locomotion. J. Neurosci. 33, 5249-5260. doi: 10.1523/JNEUROSCI.5403-
12.2013

Gonsior, M., and Ismat, A. (2019). Sli is required for proper morphology and
migration of sensory neurons in the Drosophila PNS. Neural Dev. 14:10.
doi: 10.1186/513064-019-0135-2

Grueber, W. B, Jan, L. Y., and Jan, Y. N. (2002). Tiling of the Drosophila
epidermis by multidendritic sensory neurons. Development 129, 2867-2878.
doi: 10.1242/dev.129.12.2867

Grueber, W. B, Ye, B., Yang, C.-H., Younger, S., Borden, K., Jan, L. Y., et al.
(2007). Projections of Drosophila multidendritic neurons in the central nervous
system: links with peripheral dendrite morphology. Development 134, 55-64.
doi: 10.1242/dev.02666

Guzman, A., Ramos-Balderas, J. L., Carrillo-Rosas, S., and Maldonado, E. (2013).
A stem cell proliferation burst forms new layers of P63 expressing suprabasal
cells during zebrafish postembryonic epidermal development. Biol. Open 2,
1179-1186. doi: 10.1242/bi0.20136023

Hamburger, V., and Levi-Montalcini, R. (1949). Proliferation, differentiation
and degeneration in the spinal ganglia of the chick embryo under normal
and experimental conditions. J. Exp. Zool. 111, 457-501. doi: 10.1002/jez.
1401110308

Han, C., Wang, D., Soba, P., Zhu, S., Lin, X, Jan, L. Y., et al. (2012).
Integrins regulate repulsion-mediated dendritic patterning of Drosophila
sensory neurons by restricting dendrites in a 2D space. Neuron 73, 64-78.
doi: 10.1016/j.neuron.2011.10.036

Han, C., Song, Y., Xiao, H., Wang, D., Franc, N. C,, Jan, L. Y., et al. (2014).
Epidermal cells are the primary phagocytes in the fragmentation and clearance
of degenerating dendrites in Drosophila. Neuron 81, 544-560. doi: 10.1016/j.
neuron.2013.11.021

Hao, J. C., Yu, T. W,, Fujisawa, K., Culotti, J. G., Gengyo-Ando, K., Mitani, S.,
etal. (2001). C. elegans slit acts in midline, dorsal-ventral and anterior-posterior
guidance via the SAX-3/Robo receptor. Neuron 32, 25-38. doi: 10.1016/s0896-
6273(01)00448-2

Harrington, A. W., and Ginty, D. D. (2013). Long-distance retrograde
neurotrophic factor signalling in neurons. Nat. Rev. Neurosci. 14, 177-187.
doi: 10.1038/nrn3253

Harrison, R. G. (1910). The outgrowth of the nerve fiber as a mode of protoplasmic
movement. J. Exp. Zool. 9, 787-846. doi: 10.1002/jez.1400090405

Hattori, Y., Usui, T., Satoh, D., Moriyama, S., Shimono, K., Itoh, T., et al. (2013).
Sensory-neuron subtype-specific transcriptional programs controlling dendrite
morphogenesis: genome-wide analysis of abrupt and knot/collier. Dev. Cell 27,
530-544. doi: 10.1016/j.devcel.2013.10.024

Hayes, B. P., and Roberts, A. (1983). The anatomy of two functional types of
mechanoreceptive ‘free’ nerve-ending in the head skin of xenopus embryos.
Proc. R. Soc. Lond. B Biol. Sci. 218, 61-76. doi: 10.1098/rspb.1983.0026

Hedgecock, E. M., Culotti, J. G, and Hall, D. H. (1990). The unc-5,
unc-6 and unc-40 genes guide circumferential migrations of pioneer axons
and mesodermal cells on the epidermis in C. elegans. Neuron 4, 61-85.
doi: 10.1016/0896-6273(90)90444-k

Herman, M. A., Vassilieva, L. L., Horvitz, H. R., Shaw, J. E., and Herman, R. K.
(1995). The C. elegans gene lin-44, which controls the polarity of
certain asymmetric cell divisions, encodes a wnt protein and acts cell
nonautonomously. Cell 83, 101-110. doi: 10.1016/0092-8674(95)90238-4

Hilliard, M. A., and Bargmann, C. I. (2006). Wnt signals and frizzled activity
orient anterior-posterior axon outgrowth in C. elegans. Dev. Cell 10, 379-390.
doi: 10.1016/j.devcel.2006.01.013

Hoffman, B. U, Baba, Y., Griffith, T. N., Mosharov, E. V., Woo, S.-H.,
Roybal, D. D., et al. (2018). Merkel cells activate sensory neural pathways
through adrenergic synapses. Neuron 100, 1401.e6-1413.e6. doi: 10.1016/j.
neuron.2018.10.034

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2021 | Volume 15 | Article 680345


https://doi.org/10.1002/wdev.79
https://doi.org/10.1038/s41467-019-13795-x
https://doi.org/10.1534/g3.119.400402
https://doi.org/10.1006/dbio.2001.0432
https://doi.org/10.1038/s41583-020-0269-3
https://doi.org/10.3389/fnmol.2018.00014
https://doi.org/10.3389/fnmol.2018.00014
https://doi.org/10.1152/jn.00313.2020
https://doi.org/10.1895/wormbook.1.177.1
https://doi.org/10.1371/journal.pone.0116766
https://doi.org/10.3390/ijms18030634
https://doi.org/10.1016/j.cub.2016.07.078
https://doi.org/10.1016/j.ydbio.2008.08.028
https://doi.org/10.1016/0959-437x(94)90068-e
https://doi.org/10.1016/j.cell.2013.08.059
https://doi.org/10.1146/annurev-physiol-021014-071746
https://doi.org/10.1016/j.ydbio.2005.02.017
https://doi.org/10.1016/j.neuron.2004.11.010
https://doi.org/10.7554/eLife.32036
https://doi.org/10.7554/eLife.38065
https://doi.org/10.1523/JNEUROSCI.0522-13.2013
https://doi.org/10.1016/j.ydbio.2010.04.025
https://doi.org/10.1126/science.284.5422.1991
https://doi.org/10.1101/gad.13.19.2549
https://doi.org/10.1371/journal.pgen.1006884
https://doi.org/10.1523/JNEUROSCI.5403-12.2013
https://doi.org/10.1523/JNEUROSCI.5403-12.2013
https://doi.org/10.1186/s13064-019-0135-z
https://doi.org/10.1242/dev.129.12.2867
https://doi.org/10.1242/dev.02666
https://doi.org/10.1242/bio.20136023
https://doi.org/10.1002/jez.1401110308
https://doi.org/10.1002/jez.1401110308
https://doi.org/10.1016/j.neuron.2011.10.036
https://doi.org/10.1016/j.neuron.2013.11.021
https://doi.org/10.1016/j.neuron.2013.11.021
https://doi.org/10.1016/s0896-6273(01)00448-2
https://doi.org/10.1016/s0896-6273(01)00448-2
https://doi.org/10.1038/nrn3253
https://doi.org/10.1002/jez.1400090405
https://doi.org/10.1016/j.devcel.2013.10.024
https://doi.org/10.1098/rspb.1983.0026
https://doi.org/10.1016/0896-6273(90)90444-k
https://doi.org/10.1016/0092-8674(95)90238-4
https://doi.org/10.1016/j.devcel.2006.01.013
https://doi.org/10.1016/j.neuron.2018.10.034
https://doi.org/10.1016/j.neuron.2018.10.034
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Yin et al.

Epidermal Control of Somatosensory Innervation

Hoyer, N., Zielke, P., Hu, C., Petersen, M., Sauter, K., Scharrenberg, R., et al.
(2018). Ret and substrate-derived TGF-B maverick regulate space-filling
dendrite growth in Drosophila sensory neurons. Cell Rep. 24, 2261.e5-2272.e5.
doi: 10.1016/j.celrep.2018.07.092

Hughes, C. L., and Thomas, J. B. (2007). A sensory feedback circuit coordinates
muscle activity in Drosophila. Mol. Cell. Neurosci. 35, 383-396. doi: 10.1016/j.
mcn.2007.04.001

Ivanovic, A., Horresh, 1., Golan, N., Spiegel, I., Sabanay, H., Frechter, S., et al.
(2012). The cytoskeletal adapter protein 4.1g organizes the internodes in
peripheral myelinated nerves. J. Cell Biol. 196, 337-344. doi: 10.1083/jcb.
201111127

Jiang, N., Kim, H.-J., Chozinski, T. J., Azpurua, J. E., Eaton, B. A., Vaughan, J. C,,
et al. (2018). Super-resolution imaging of Drosophila tissues using expansion
microscopy. Mol. Biol. Cell 29, 1413-1421. doi: 10.1091/mbc.E17-10-0583

Jiang, N., Rasmussen, J. P., Clanton, J. A., Rosenberg, M. F., Luedke, K. P,,
Cronan, M. R, et al. (2019). A conserved morphogenetic mechanism for
epidermal ensheathment of nociceptive sensory neurites. eLife 8:e42455.
doi: 10.7554/eLife.42455

Jiang, N., Soba, P., Parker, E., Kim, C. C., and Parrish, J. Z. (2014). The MicroRNA
bantam regulates a developmental transition in epithelial cells that restricts
sensory dendrite growth. Development 141, 2657-2668. doi: 10.1242/dev.
107573

Jin, H., and Kim, B. (2020). Neurite branching regulated by neuronal
cell surface molecules in Caenorhabditis elegans. Front. Neuroanat. 14:59.
doi: 10.3389/fnana.2020.00059

Johansson, R. S., and Vallbo, A. B. (1979). Tactile sensibility in the human
hand: relative and absolute densities of four types of mechanoreceptive
units in glabrous skin. J. Physiol. 286, 283-300. doi: 10.1113/jphysiol.1979.
sp012619

Joost, S., Zeisel, A., Jacob, T., Sun, X., Manno, G. L., Lonnerberg, P., et al. (2016).
Single-cell transcriptomics reveals that differentiation and spatial signatures
shape epidermal and hair follicle heterogeneity. Cell Syst. 3, 221.¢9-237.e9.
doi: 10.1016/j.cels.2016.08.010

Joost, S., Annusver, K., Jacob, T., Sun, X., Dalessandri, T., Sivan, U, et al. (2020).
The molecular anatomy of mouse skin during hair growth and rest. Cell Stem
Cell 26, 441.€7-457.¢7. doi: 10.1016/j.stem.2020.01.012

Kellermeyer, R., Heydman, L. M., Gillis, T., Mastick, G. S., Song, M., and Kidd, T.
(2020). Proteolytic cleavage of slit by the tolkin protease converts an axon
repulsion cue to an axon growth cue in vivo. Development 147:dev196055.
doi: 10.1242/dev.196055

Kenshi, Y., and Gallo, R. L. (2008). Antimicrobial peptides in human skin disease.
Eur. J. Dermatol. 18, 11-21. doi: 10.1684/ejd.2008.0304

Kiener, T. K., Selptsova-Friedrich, I., and Hunziker, W. (2008). Tjp3/Zo-3 is
critical for epidermal barrier function in zebrafish embryos. Dev. Biol. 316,
36-49. doi: 10.1016/j.ydbio.2007.12.047

Kim, M. E., Shrestha, B. R., Blazeski, R., Mason, C. A., and Grueber, W. B. (2012).
Integrins establish dendrite-substrate relationships that promote dendritic
self-avoidance and patterning in Drosophila sensory neurons. Neuron 73,
79-91. doi: 10.1016/j.neuron.2011.10.033

Kimmel, C. B., Hatta, K., and Metcalfe, W. K. (1990a). Early axonal contacts during
development of an identified dendrite in the brain of the zebrafish. Neuron 4,
535-545. doi: 10.1016/0896-6273(90)90111-r

Kimmel, C. B., Warga, R. M., and Schilling, T. F. (1990b). Origin and organization
of the zebrafish fate map. Development 108, 581-594. doi: 10.1242/dev.
108.4.581

Kitson, D. L., and Roberts, A. (1983). Competition during innervation of
embryonic amphibian head skin. Proc. R. Soc. Lond. B Biol. Sci. 218, 49-59.
doi: 10.1098/rspb.1983.0025

Koizumi, S., Fujishita, K., Inoue, K., Shigemoto-Mogami, Y., Tsuda, M., and
Inoue, K. (2004). Ca>* waves in keratinocytes are transmitted to sensory
neurons: the involvement of extracellular ATP and P2Y2 receptor activation.
Biochem. J. 380, 329-338. doi: 10.1042/BJ20031089

Kramer, S. G., Kidd, T., Simpson, J. H., and Goodman, C. S. (2001). Switching
repulsion to attraction: changing responses to slit during transition in
mesoderm migration. Science 292, 737-740. doi: 10.1126/science.1058766

Kraut, R., and Zinn, K. (2004). Roundabout 2 regulates migration of sensory
neurons by signaling in trans. Curr. Biol. 14, 1319-1329. doi: 10.1016/j.cub.
2004.07.052

Kruger, L., Perl, E. R, and Sedivec, M. J. (1981). Fine structure of myelinated
mechanical nociceptor endings in cat hairy skin. J. Comp. Neurol. 198, 137-154.
doi: 10.1002/cne.901980112

Kuehn, E. D., Meltzer, S., Abraira, V. E., Ho, C.-Y., and Ginty, D. D. (2019). Tiling
and somatotopic alignment of mammalian low-threshold mechanoreceptors.
Proc. Natl. Acad. Sci. U § A 116, 9168-9177. doi: 10.1073/pnas.19013
78116

Kuo, C. T, Jan, L. Y., and Jan, Y. N. (2005). Dendrite-specific remodeling
of Drosophila sensory neurons requires matrix metalloproteases, ubiquitin-
proteasome, and ecdysone signaling. Proc. Natl. Acad. Sci. U S A 102,
15230-15235. doi: 10.1073/pnas.0507393102

Lam, P.-Y., Mangos, S., Green, J. M, Reiser, J., and Huttenlocher, A. (2015). In vivo
imaging and characterization of actin microridges. PLoS One 10:e0115639.
doi: 10.1371/journal.pone.0115639

Lamb, R. S., Ward, R. E., Schweizer, L., and Fehon, R. G. (1998). Drosophila
coracle, a member of the protein 4.1 superfamily, has. structural functions in
the septate junctions and developmental functions in embryonic and adult
epithelial cells. Mol. Biol. Cell 9, 3505-3519. doi: 10.1091/mbc.9.12.3505

Le Guellec, D., Morvan-Dubois, G., and Sire, J.-Y. (2004). Skin development in
bony fish with particular emphasis on collagen deposition in the dermis of
the zebrafish (Danio rerio). Int. J. Dev. Biol. 48, 217-231. doi: 10.1387/ijdb.
15272388

Lee, R. T. H., Asharani, P. V., and Carney, T. J. (2014). Basal keratinocytes
contribute to all strata of the adult zebrafish epidermis. PLoS One 9:e84858.
doi: 10.1371/journal.pone.0084858

Lee, H.,, and Kimelman, D. (2002). A dominant-negative form of P63 is
required for epidermal proliferation in zebrafish. Dev. Cell 2, 607-616.
doi: 10.1016/51534-5807(02)00166-1

Lee, J., Peng, Y., Lin, W.-Y,, and Parrish, J. Z. (2015). Coordinate control of
terminal dendrite patterning and dynamics by the membrane protein raw.
Development 142, 162-173. doi: 10.1242/dev.113423

Lezi, E., Zhou, T., Koh, S., Chuang, M., Sharma, R., Pujol, N., et al. (2018). An
antimicrobial peptide and its neuronal receptor regulate dendrite degeneration
in aging and infection. Neuron 97, 125.e5-138.e5. doi: 10.1016/j.neuron.2017.
12.001

Li, L., and Ginty, D. D. (2014). The structure and organization of lanceolate
mechanosensory complexes eLife 3:¢01901.
doi: 10.7554/eLife.01901

Li, X., Wang, Y., Wang, H., Liu, T., Guo, J., Yi, W,, et al. (2016). Epithelia-derived
wingless regulates dendrite directional growth of Drosophila DdaE neuron
through the Fz-Fmi-Dsh-Racl pathway. Mol. Brain 9:46. doi: 10.1186/s13041-
016-0228-0

Liang, X., Dong, X., Moerman, D. G., Shen, K., and Wang, X. (2015). Sarcomeres
pattern proprioceptive sensory dendritic endings through UNC-52/perlecan in
C. elegans. Dev. Cell 33, 388-400. doi: 10.1016/j.devcel.2015.03.010

Lin, W.-Y., Williams, C., Yan, C., Koledachkina, T., Luedke, K., Dalton, J., et al.
(2015). The SLC36 transporter pathetic is required for extreme dendrite growth
in Drosophila sensory neurons. Genes Dev. 29, 1120-1135. doi: 10.1101/gad.
259119.115

Liu, X., Wang, X., and Shen, K. (2016). Receptor tyrosine phosphatase CLR-1 Acts
in skin cells to promote sensory dendrite outgrowth. Dev. Biol. 413, 60-69.
doi: 10.1016/j.ydbio.2016.03.001

Loewenstein, W. R., and Skalak, R. (1966). Mechanical transmission in a
pacinian corpuscle. An analysis and a theory. J. Physiol. 182, 346-378.
doi: 10.1113/jphysiol.1966.sp007827

Lohs-Schardin, M., Cremer, C., and Nisslein-Volhard, C. (1979). A fate map
for the larval epidermis of Drosophila melanogaster: localized cuticle defects
following irradiation of the blastoderm with an ultraviolet laser microbeam.
Dev. Biol. 73, 239-255. doi: 10.1016/0012-1606(79)90065-4

Luo, W., Enomoto, H., Rice, F. L., Milbrandt, J., and Ginty, D. D. (2009). Molecular
identification of rapidly adapting mechanoreceptors and their developmental
dependence on ret signaling. Neuron 64, 841-856. doi: 10.1016/j.neuron.2009.
11.003

Luo, W., Rasika Wickramasinghe, S., Savitt, J. M., Griffin, ]. W., Dawson, T. M.,
and Ginty, D. D. (2007). A hierarchical NGF signaling cascade controls
ret-dependent and ret-independent events during development of
nonpeptidergic DRG neurons. Neuron 54, 739-754. doi: 10.1016/j.neuron.
2007.04.027

at mouse hair follicles.

Frontiers in Cellular Neuroscience | www.frontiersin.org

18

May 2021 | Volume 15 | Article 680345


https://doi.org/10.1016/j.celrep.2018.07.092
https://doi.org/10.1016/j.mcn.2007.04.001
https://doi.org/10.1016/j.mcn.2007.04.001
https://doi.org/10.1083/jcb.201111127
https://doi.org/10.1083/jcb.201111127
https://doi.org/10.1091/mbc.E17-10-0583
https://doi.org/10.7554/eLife.42455
https://doi.org/10.1242/dev.107573
https://doi.org/10.1242/dev.107573
https://doi.org/10.3389/fnana.2020.00059
https://doi.org/10.1113/jphysiol.1979.sp012619
https://doi.org/10.1113/jphysiol.1979.sp012619
https://doi.org/10.1016/j.cels.2016.08.010
https://doi.org/10.1016/j.stem.2020.01.012
https://doi.org/10.1242/dev.196055
https://doi.org/10.1684/ejd.2008.0304
https://doi.org/10.1016/j.ydbio.2007.12.047
https://doi.org/10.1016/j.neuron.2011.10.033
https://doi.org/10.1016/0896-6273(90)90111-r
https://doi.org/10.1242/dev.108.4.581
https://doi.org/10.1242/dev.108.4.581
https://doi.org/10.1098/rspb.1983.0025
https://doi.org/10.1042/BJ20031089
https://doi.org/10.1126/science.1058766
https://doi.org/10.1016/j.cub.2004.07.052
https://doi.org/10.1016/j.cub.2004.07.052
https://doi.org/10.1002/cne.901980112
https://doi.org/10.1073/pnas.1901378116
https://doi.org/10.1073/pnas.1901378116
https://doi.org/10.1073/pnas.0507393102
https://doi.org/10.1371/journal.pone.0115639
https://doi.org/10.1091/mbc.9.12.3505
https://doi.org/10.1387/ijdb.15272388
https://doi.org/10.1387/ijdb.15272388
https://doi.org/10.1371/journal.pone.0084858
https://doi.org/10.1016/s1534-5807(02)00166-1
https://doi.org/10.1242/dev.113423
https://doi.org/10.1016/j.neuron.2017.12.001
https://doi.org/10.1016/j.neuron.2017.12.001
https://doi.org/10.7554/eLife.01901
https://doi.org/10.1186/s13041-016-0228-0
https://doi.org/10.1186/s13041-016-0228-0
https://doi.org/10.1016/j.devcel.2015.03.010
https://doi.org/10.1101/gad.259119.115
https://doi.org/10.1101/gad.259119.115
https://doi.org/10.1016/j.ydbio.2016.03.001
https://doi.org/10.1113/jphysiol.1966.sp007827
https://doi.org/10.1016/0012-1606(79)90065-4
https://doi.org/10.1016/j.neuron.2009.11.003
https://doi.org/10.1016/j.neuron.2009.11.003
https://doi.org/10.1016/j.neuron.2007.04.027
https://doi.org/10.1016/j.neuron.2007.04.027
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Yin et al.

Epidermal Control of Somatosensory Innervation

Ma, L., and Tessier-Lavigne, M. (2007). Dual branch-promoting and
branch-repelling actions of Slit/Robo signaling on peripheral and central
branches of developing sensory axons. J. Neurosci. 27, 6843-6851.
doi: 10.1523/JNEUROSCI.1479-07.2007

MacDonald, J. M., Beach, M. G., Porpiglia, E., Sheehan, A. E., Watts, R. J., and
Freeman, M. R. (2006). The Drosophila cell corpse engulfment receptor draper
mediates glial clearance of severed axons. Neuron 50, 869-881. doi: 10.1016/j.
neuron.2006.04.028

Maksimovic, S., Baba, Y., and Lumpkin, E. A. (2013). Neurotransmitters and
synaptic components in the merkel cell-neurite complex, a gentle-touch
receptor. Ann. N'Y Acad. Sci. 1279, 13-21. doi: 10.1111/nyas.12057

Maksimovic, S., Nakatani, M., Baba, Y., Nelson, A. M., Marshall, K. L,
Wellnitz, S. A., et al. (2014). Epidermal merkel cells are mechanosensory
cells that tune mammalian touch receptors. Nature 509, 617-621.
doi: 10.1038/nature13250

Mancini, F., Bauleo, A., Cole, J., Lui, F., A Porro, C., Haggard, P., et al. (2014).
Whole-body mapping of spatial acuity for pain and touch. Ann. Neurol. 75,
917-924. doi: 10.1002/ana.24179

Mancini, F., Sambo, C. F., Ramirez, J. D., Bennett, D. L. H., Haggard, P., and
Domenico Iannetti, G. (2013). A fovea for pain at the fingertips. Curr. Biol.
23, 496-500. doi: 10.1016/j.cub.2013.02.008

Martin, P., Khan, A., and Lewis, J. (1989). Cutaneous nerves of the embryonic
chick wing do not develop in regions denuded of ectoderm. Development 106,
335-346. doi: 10.1242/dev.106.2.335

Matthews, B. J., and Grueber, W. B. (2011). Dscaml-mediated self-avoidance
counters netrin-dependent targeting of dendrites in Drosophila. Curr. Biol. 21,
1480-1487. doi: 10.1016/j.cub.2011.07.040

Meltzer, S., Yadav, S., Lee, J., Soba, P., Younger, S. H., Jin, P., et al. (2016).
Epidermis-derived semaphorin promotes dendrite self-avoidance by regulating
dendrite-substrate adhesion in Drosophila sensory neurons. Neuron 89,
741-755. doi: 10.1016/j.neuron.2016.01.020

Mihara, M., Hashimoto, K., Ueda, K., and Kumakiri, M. (1979). The specialized
junctions between merkel cell and neurite: an electron microscopic study.
J. Invest. Dermatol. 73, 325-334. doi: 10.1111/1523-1747.ep12550322

Mitchell, K. J., Doyle, J. L., Serafini, T., Kennedy, T. E., Tessier-Lavigne, M.,
Goodman, C. S,, et al. (1996). Genetic analysis of netrin genes in Drosophila:
netrins guide CNS commissural axons and peripheral motor axons. Neuron 17,
203-215. doi: 10.1016/s0896-6273(00)80153-1

Moehring, F., Cowie, A. M., Menzel, A. D., Weyer, A. D., Grzybowski, M.,
Arzua, T., et al. (2018). Keratinocytes mediate innocuous and noxious touch
via ATP-P2X4 signaling. eLife 7:e31684. doi: 10.7554/eLife.31684

Mohammadi, A., Rodgers, J. B., Kotera, I., and Ryu, W. S. (2013). Behavioral
response of Caenorhabditis elegans to localized thermal stimuli. BMC Neurosci.
14:66. doi: 10.1186/1471-2202-14-66

Molliver, D. C., Wright, D. E., Leitner, M. L., Parsadanian, A. S., Doster, K.,
Wen, D, et al. (1997). IB4-binding DRG neurons switch from NGF to GDNF
dependence in early postnatal life. Neuron 19, 849-861. doi: 10.1016/s0896-
6273(00)80966-6

Morck, C., Vivekanand, V., Jafari, G., and Pilon, M. (2010). C. elegans ten-1 is
synthetic lethal with mutations in cytoskeleton regulators, and enhances many
axon guidance defective mutants. BMC Dev. Biol. 10:55. doi: 10.1186/1471-
213X-10-55

Mosca, T.J. (2015). On the teneurin track: a new synaptic organization molecule
emerges. Front. Cell. Neurosci. 9:204. doi: 10.3389/fncel.2015.00204

Mrkusich, E. M., Osman, Z. B., Bates, K. E., Marchingo, J. M., Duman-Scheel, M.,
and Whitington, P. M. (2010). Netrin-guided accessory cell morphogenesis
dictates the dendrite orientation and migration of a Drosophila sensory neuron.
Development 137, 2227-2235. doi: 10.1242/dev.047795

Mukouyama, Y.-S., Shin, D., Britsch, S., Taniguchi, M., and Anderson, D. J. (2002).
Sensory nerves determine the pattern of arterial differentiation and blood
vessel branching in the skin. Cell 109, 693-705. doi: 10.1016/50092-8674(02)
00757-2

Munger, B. L. (1965). The intraepidermal innervation of the snout skin of the
opossum. A light and electron microscope study, with observations on the
nature of Merkel’s Tastzellen. J. Cell Biol. 26, 79-97. doi: 10.1083/jcb.26.1.79

Nascimento, A. I, Mar, F. M., and Sousa, M. M. (2018). The intriguing nature
of dorsal root ganglion neurons: linking structure with polarity and function.
Prog. Neurobiol. 168, 86-103. doi: 10.1016/j.pneurobio.2018.05.002

Neubarth, N. L., Emanuel, A. ], Liu, Y., Springel, M. W., Handler, A., Zhang, Q.,
et al. (2020). Meissner corpuscles and their spatially intermingled afferents
underlie gentle touch perception. Science 368:eabb2751. doi: 10.1126/science.
abb2751

Nguyen, M. Q., Wu, Y., Bonilla, L. S., von Buchholtz, L. J., and Ryba, N. J. P.
(2017). Diversity amongst trigeminal neurons revealed by high throughput
single cell sequencing. PLoS One 12:€0185543. doi: 10.1371/journal.pone.
0185543

Nichols, A. L. A., Meelkop, E., Linton, C., Giordano-Santini, R., Sullivan, R. K.,
Donato, A., et al. (2016). The apoptotic engulfment machinery regulates axonal
degeneration in C. elegans neurons. Cell Rep. 14, 1673-1683. doi: 10.1016/j.
celrep.2016.01.050

Nichols, E. L., and Smith, C. J. (2019). Pioneer axons employ Cajal’s battering
ram to enter the spinal cord. Nat. Commun. 10:562. doi: 10.1038/s41467-019-
08421-9

Nunomura, W., Gascard, P., Wakui, H., and Takakuwa, Y. (2014).
Phosphatidylinositol-4,5 bisphosphate (PIP;) inhibits apo-calmodulin binding
to protein 4.1. Biochem. Biophys. Res. Commun. 446, 434-440. doi: 10.1016/j.
bbrc.2014.02.121

O’Brien, G. S., Rieger, S., Wang, F., Smolen, G. A., Gonzalez, R. E., Buchanan, J.,
etal. (2012). Coordinate development of skin cells and cutaneous sensory axons
in zebrafish. J. Comp. Neurol. 520, 816-831. doi: 10.1002/cne.22791

Ohno, N, Terada, N., Yamakawa, H., Komada, M., Ohara, O., Trapp, B. D., et al.
(2006). Expression of protein 4.1G in schwann cells of the peripheral nervous
system. J. Neurosci. Res. 84, 568-577. doi: 10.1002/jnr.20949

Olson, W., Abdus-Saboor, L., Cui, L., Burdge, J., Raabe, T., Ma, M., et al. (2017).
Sparse genetic tracing reveals regionally specific functional organization of
mammalian nociceptors. eLife 6:¢29507. doi: 10.7554/eLife.29507

Oren-Suissa, M., Hall, D. H., Treinin, M., Shemer, G., and Podbilewicz, B. (2010).
The fusogen EFF-1 controls sculpting of mechanosensory dendrites. Science
328, 1285-1288. doi: 10.1126/science.1189095

Owens, D. M., and Lumpkin, E. A. (2014). Diversification and specialization
of touch receptors in skin. Cold Spring Harb. Perspect. Med. 4:a013656.
doi: 10.1101/cshperspect.a013656

Palanca, A. M. S, Lee, S.-L., Yee, L. E., Joe-Wong, C., Trinh, L. A., Hiroyasu, E.,
etal. (2013). New transgenic reporters identify somatosensory neuron subtypes
in larval zebrafish. Dev. Neurobiol. 73, 152-167. doi: 10.1002/dneu.22049

Pan, C.-L., Peng, C.-Y., Chen, C.-H., and McIntire, S. (2011). Genetic analysis
of age-dependent defects of the Caenorhabditis elegans touch receptor
neurons. Proc. Natl. Acad. Sci. U S A 108, 9274-9279. doi: 10.1073/pnas.101
1711108

Pan, Y. A,, Choy, M., Prober, D. A., and Schier, A. F. (2012). Robo2 determines
subtype-specific axonal projections of trigeminal
Development 139, 591-600. doi: 10.1242/dev.076588

Paré, M., Smith, A. M., and Rice, F. L. (2002). Distribution and terminal
arborizations of cutaneous mechanoreceptors in the glabrous finger pads of the
monkey. J. Comp. Neurol. 445, 347-359. doi: 10.1002/cne.10196

Parichy, D. M., Elizondo, M. R., Mills, M. G., Gordon, T. N., and Engeszer, R. E.
(2009). Normal table of postembryonic zebrafish development: staging by
externally visible anatomy of the living fish. Dev. Dyn. 238, 2975-3015.
doi: 10.1002/dvdy.22113

Parrish, J. Z., Kim, M. D,, Jan, L. Y., and Jan, Y. N. (2006). Genome-wide analyses
identify transcription factors required for proper morphogenesis of Drosophila
sensory neuron dendrites. Genes Dev. 20, 820-835. doi: 10.1101/gad.
1391006

Parrish, J. Z., Xu, P., Kim, C. C., Jan, L. Y., and Jan, Y. N. (2009). The MicroRNA
bantam functions in epithelial cells to regulate scaling growth of dendrite arbors
in Drosophila sensory neurons. Neuron 63, 788-802. doi: 10.1016/j.neuron.
2009.08.006

Parsons, L., Harris, K.-L., Turner, K., and Whitington, P. M. (2003). Roundabout
gene family functions during sensory axon guidance in the Drosophila embryo
are mediated by both slit-dependent and slit-independent mechanisms. Dev.
Biol. 264, 363-375. doi: 10.1016/j.ydbio.2003.08.020

Peng, Y., Lee, J., Rowland, K., Wen, Y., Hua, H., Carlson, N., et al. (2015).
Regulation of dendrite growth and maintenance by exocytosis. J. Cell Sci. 128,
4279-4292. doi: 10.1242/jcs.174771

Philippeos, C., Telerman, S. B., Oules, B., Pisco, A. O., Shaw, T.J., Elgueta, R., et al.
(2018). Spatial and single-cell transcriptional profiling identifies functionally

sensory neurons.

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2021 | Volume 15 | Article 680345


https://doi.org/10.1523/JNEUROSCI.1479-07.2007
https://doi.org/10.1016/j.neuron.2006.04.028
https://doi.org/10.1016/j.neuron.2006.04.028
https://doi.org/10.1111/nyas.12057
https://doi.org/10.1038/nature13250
https://doi.org/10.1002/ana.24179
https://doi.org/10.1016/j.cub.2013.02.008
https://doi.org/10.1242/dev.106.2.335
https://doi.org/10.1016/j.cub.2011.07.040
https://doi.org/10.1016/j.neuron.2016.01.020
https://doi.org/10.1111/1523-1747.ep12550322
https://doi.org/10.1016/s0896-6273(00)80153-1
https://doi.org/10.7554/eLife.31684
https://doi.org/10.1186/1471-2202-14-66
https://doi.org/10.1016/s0896-6273(00)80966-6
https://doi.org/10.1016/s0896-6273(00)80966-6
https://doi.org/10.1186/1471-213X-10-55
https://doi.org/10.1186/1471-213X-10-55
https://doi.org/10.3389/fncel.2015.00204
https://doi.org/10.1242/dev.047795
https://doi.org/10.1016/s0092-8674(02)00757-2
https://doi.org/10.1016/s0092-8674(02)00757-2
https://doi.org/10.1083/jcb.26.1.79
https://doi.org/10.1016/j.pneurobio.2018.05.002
https://doi.org/10.1126/science.abb2751
https://doi.org/10.1126/science.abb2751
https://doi.org/10.1371/journal.pone.0185543
https://doi.org/10.1371/journal.pone.0185543
https://doi.org/10.1016/j.celrep.2016.01.050
https://doi.org/10.1016/j.celrep.2016.01.050
https://doi.org/10.1038/s41467-019-08421-9
https://doi.org/10.1038/s41467-019-08421-9
https://doi.org/10.1016/j.bbrc.2014.02.121
https://doi.org/10.1016/j.bbrc.2014.02.121
https://doi.org/10.1002/cne.22791
https://doi.org/10.1002/jnr.20949
https://doi.org/10.7554/eLife.29507
https://doi.org/10.1126/science.1189095
https://doi.org/10.1101/cshperspect.a013656
https://doi.org/10.1002/dneu.22049
https://doi.org/10.1073/pnas.1011711108
https://doi.org/10.1073/pnas.1011711108
https://doi.org/10.1242/dev.076588
https://doi.org/10.1002/cne.10196
https://doi.org/10.1002/dvdy.22113
https://doi.org/10.1101/gad.1391006
https://doi.org/10.1101/gad.1391006
https://doi.org/10.1016/j.neuron.2009.08.006
https://doi.org/10.1016/j.neuron.2009.08.006
https://doi.org/10.1016/j.ydbio.2003.08.020
https://doi.org/10.1242/jcs.174771
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Yin et al.

Epidermal Control of Somatosensory Innervation

distinct human dermal fibroblast subpopulations. J. Invest. Dermatol. 138,
811-825. doi: 10.1016/j.jid.2018.01.016

Podbilewicz, B., and White, J. G. (1994). Cell fusions in the developing epithelial
of C. elegans. Dev. Biol. 161, 408-424. doi: 10.1006/dbio.1994.1041

Poe, A. R, Tang, L., Wang, B., Li, Y., Sapar, M. L., and Han, C. (2017). Dendritic
space-filling requires a neuronal type-specific extracellular permissive signal in
Drosophila. Proc. Natl. Acad. Sci. U S A 114, E8062-E8071. doi: 10.1073/pnas.
1707467114

Prasad, B. C,, and Clark, S. G. (2006). Wnt signaling establishes anteroposterior
neuronal polarity and requires retromer in C. elegans. Development 133,
1757-1766. doi: 10.1242/dev.02357

Prober, D. A, Zimmerman, S., Myers, B. R, McDermott, B. M., Kim, S.-
H., Caron, S. et al. (2008). Zebrafish TRPA1l channels are required
for chemosensation but not for thermosensation or mechanosensory hair
cell function. J. Neurosci. 28, 10102-10110. doi: 10.1523/JNEUROSCI.2740
-08.2008

Prokop, A., Martin-Bermudo, M. D., Bate, M., and Brown, N. H. (1998).
Absence of PS integrins or laminin A affects extracellular adhesion,
but not intracellular assembly, of hemiadherens and neuromuscular
junctions in Drosophila embryos. Dev. Biol. 196, 58-76. doi: 10.1006/dbio.
1997.8830

Qian, L., Liu, J., and Bodmer, R. (2005). Slit and robo control cardiac cell polarity
and morphogenesis. Curr. Biol. 15, 2271-2278. doi: 10.1016/j.cub.2005.10.037

Rangel-Huerta, E., Guzman, A., and Maldonado, E. (2021). The dynamics of
epidermal stratification during post-larval development in zebrafish. Dev. Dyn.
250, 175-190. doi: 10.1002/dvdy.249

Rasmussen, J. P., Sack, G. S., Martin, S. M., and Sagasti, A. (2015). Vertebrate
epidermal cells are broad-specificity phagocytes that clear sensory axon debris.
J. Neurosci. 35, 559-570. doi: 10.1523/J]NEUROSCI.3613-14.2015

Rasmussen, J. P., Vo, N.-T., and Sagasti, A. (2018). Fish scales dictate the pattern
of adult skin innervation and vascularization. Dev. Cell 46, 344.e4-359.e4.
doi: 10.1016/j.devcel.2018.06.019

Ravichandran, K. S. (2010). Find-me and eat-me signals in apoptotic cell clearance:
progress and conundrums. J. Exp. Med. 207, 1807-1817. doi: 10.1084/jem.
20101157

Rehberg, K., Kliche, S., Madencioglu, D. A., Thiere, M., Miiller, B., Meineke, B. M.,
et al. (2014). The serine/threonine kinase Ndr2 controls integrin trafficking
and integrin-dependent neurite growth. J. Neurosci. 34, 5342-5354.
doi: 10.1523/JNEUROSCI.2728-13.2014

Reyes, R., Haendel, M., Grant, D., Melancon, E., and Eisen, J. S. (2004). Slow
degeneration of zebrafish rohon-beard neurons during programmed cell death.
Dev. Dyn. 229, 30-41. doi: 10.1002/dvdy.10488

Richardson, C. E., and Shen, K. (2019). Neurite development and repair in worms
and flies. Annu. Rev. Neurosci. 42, 209-226. doi: 10.1146/annurev-neuro-
070918-050208

Rognoni, E., and Watt, F. M. (2018). Skin cell heterogeneity in development,
wound healing, and cancer. Trends Cell Biol. 28, 709-722. doi: 10.1016/j.tcb.
2018.05.002

Rolls, M. M., and Jegla, T. J. (2015). Neuronal polarity: an evolutionary perspective.
J. Exp. Biol. 218, 572-580. doi: 10.1242/jeb.112359

Rutlin, M., Ho, C.-Y., Abraira, V. E., Cassidy, C., Bai, L., Jeffery Woodbury, C.,
et al. (2014). The cellular and molecular basis of direction selectivity of A3-
LTMRSs. Cell 159, 1640-1651. doi: 10.1016/j.cell.2014.11.038

Sagasti, A., Guido, M. R., Raible, D. W., and Schier, A. F. (2005). Repulsive
interactions shape the morphologies and functional arrangement of zebrafish
peripheral sensory arbors. Curr. Biol. 15, 804-814. doi: 10.1016/j.cub.2005.
03.048

Salzberg, A., D’Evelyn, D., Schulze, K. L., Lee, J. K., Strumpf, D., Tsai, L., et al.
(1994). Mutations affecting the pattern of the PNS in Drosophila reveal novel
aspects of neuronal development. Neuron 13, 269-287. doi: 10.1016/0896-
6273(94)90346-8

Salzberg, Y., Diaz-Balzac, C. A., Ramirez-Suarez, N. J., Attreed, M., Tecle, E.,
Desbois, M., et al. (2013). Skin-derived cues control arborization of sensory
dendrites in Caenorhabditis elegans. Cell 155, 308-320. doi: 10.1016/j.cell.2013.
08.058

Sanderson, R. D., Hinkes, M. T., and Bernfield, M. (1992). Syndecan-1, a
cell-surface proteoglycan, changes in size and abundance when keratinocytes
stratify. J. Invest. Dermatol. 99, 390-396. doi: 10.1111/1523-1747.ep12616103

Sapar, M. L., Ji, H., Wang, B., Poe, A. R, Dubey, K., Ren, X, et al
(2018). Phosphatidylserine externalization results from and causes neurite
degeneration in Drosophila. Cell Rep. 24, 2273-2286. doi: 10.1016/j.celrep.2018.
07.095

Schifer, S., Koch, P. J., and Franke, W. W. (1994). Identification of the
ubiquitous human desmoglein, Dsg2 and the expression catalogue of the
desmoglein subfamily of desmosomal cadherins. Exp. Cell Res. 211, 391-399.
doi: 10.1006/excr.1994.1103

Scott, S. A., Cooper, E., and Diamond, J. (1981). Merkel cells as targets of the
mechanosensory nerves in salamander skin. Proc. R. Soc. Lond. B Biol. Sci. 211,
455-470. doi: 10.1098/rspb.1981.0017

Scott-Hewitt, N., Perrucci, F., Morini, R, Erreni, M., Mahoney, M.,
Witkowska, A., et al. (2020). Local externalization of phosphatidylserine
mediates developmental synaptic pruning by microglia. EMBO J. 39:105380.
doi: 10.15252/embj.2020105380

Sharma, N., Flaherty, K., Lezgiyeva, K., Wagner, D. E, Klein, A. M,
and Ginty, D. D. (2020). The emergence of transcriptional identity in
somatosensory neurons. Nature 577, 392-398. doi: 10.1038/s41586-019
-1900-1

Shimono, K., Fujimoto, A., Tsuyama, T., Yamamoto-Kochi, M., Sato, M.,
Hattori, Y., et al. (2009). Multidendritic sensory neurons in the adult
Drosophila abdomen: origins, dendritic morphology and segment- and
age-dependent programmed cell death. Neural Dev. 4:37. doi: 10.1186/1749-
8104-4-37

Shorey, M. L. (1909). The effect of the destruction of peripheral areas on the
differentiation of the neuroblasts. . Exp. Zool. 7, 25-63. doi: 10.1002/jez.
1400070103

Singhania, A., and Grueber, W. B. (2014). Development of the embryonic and
larval peripheral nervous system of Drosophila. Wiley Interdiscip. Rev. Dev. Biol.
3, 193-210. doi: 10.1002/wdev.135

Slatter, C. A. B., Kanji, H., Alexander Coutts, C., and Ali, D. W. (2005). Expression
of PKC in the developing zebrafish, Danio rerio. J. Neurobiol. 62, 425-438.
doi: 10.1002/neu.20110

Smith, C. J., Watson, J. D., Clay Spencer, W., O’Brien, T., Cha, B., Albeg, A.,
et al. (2010). Time-lapse imaging and cell-specific expression profiling
reveal dynamic branching and molecular determinants of a multi-dendritic
nociceptor in C. elegans. Dev. Biol. 345, 18-33. doi: 10.1016/j.ydbio.2010.
05.502

Smith, C. J., Wheeler, M. A., Marjoram, L., Bagnat, M., Deppmann, C. D., and
Kucenas, S. (2017). TNFa/TNFR2 signaling is required for glial ensheathment
at the dorsal root entry zone. PLoS Genet. 13:e1006712. doi: 10.1371/journal.
pgen.1006712

Soba, P., Han, C., Zheng, Y., Perea, D., Miguel-Aliaga, I, Jan, L. Y., et al.
(2015). The ret receptor regulates sensory neuron dendrite growth and integrin
mediated adhesion. eLife 4:e05491. doi: 10.7554/eLife.05491

Sonawane, M., Carpio, Y., Geisler, R., Schwarz, H., Maischein, H.-M., and
Nuesslein-Volhard, C. (2005). Zebrafish penner/lethal giant larvae 2 functions
in hemidesmosome formation, maintenance of cellular morphology and
growth regulation in the developing basal epidermis. Development 132,
3255-3265. doi: 10.1242/dev.01904

Song, W., Onishi, M., Jan, L. Y., and Jan, Y. N. (2007). Peripheral multidendritic
sensory neurons are necessary for rhythmic locomotion behavior in Drosophila
larvae. Proc. Natl. Acad. Sci. U S A 104, 5199-5204. doi: 10.1073/pnas.
0700895104

Sugimura, K., Yamamoto, M., Niwa, R., Satoh, D., Goto, S., Taniguchi, M.,
et al. (2003). Distinct developmental modes and lesion-induced reactions
of dendrites of two classes of Drosophila sensory neurons. J. Neurosci. 23,
3752-3760. doi: 10.1523/J]NEUROSCI.23-09-03752.2003

Sulston, J. E., Schierenberg, E., White, J. G., and Thomson, J. N. (1983). The
embryonic cell lineage of the nematode Caenorhabditis elegans. Dev. Biol. 100,
64-119. doi: 10.1016/0012-1606(83)90201-4

Svoboda, K. R., Linares, A. E., and Ribera, A. B. (2001). Activity regulates
programmed cell death of zebrafish rohon-beard neurons. Development 128,
3511-3520. doi: 10.1242/dev.128.18.3511

Takahashi, S., Ishida, A., Kubo, A., Kawasaki, H., Ochiai, S., Nakayama, M., et al.
(2019). Homeostatic pruning and activity of epidermal nerves are dysregulated
in barrier-impaired skin during chronic itch development. Sci. Rep. 9:8625.
doi: 10.1038/541598-019-44866-0

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2021 | Volume 15 | Article 680345


https://doi.org/10.1016/j.jid.2018.01.016
https://doi.org/10.1006/dbio.1994.1041
https://doi.org/10.1073/pnas.1707467114
https://doi.org/10.1073/pnas.1707467114
https://doi.org/10.1242/dev.02357
https://doi.org/10.1523/JNEUROSCI.2740-08.2008
https://doi.org/10.1523/JNEUROSCI.2740-08.2008
https://doi.org/10.1006/dbio.1997.8830
https://doi.org/10.1006/dbio.1997.8830
https://doi.org/10.1016/j.cub.2005.10.037
https://doi.org/10.1002/dvdy.249
https://doi.org/10.1523/JNEUROSCI.3613-14.2015
https://doi.org/10.1016/j.devcel.2018.06.019
https://doi.org/10.1084/jem.20101157
https://doi.org/10.1084/jem.20101157
https://doi.org/10.1523/JNEUROSCI.2728-13.2014
https://doi.org/10.1002/dvdy.10488
https://doi.org/10.1146/annurev-neuro-070918-050208
https://doi.org/10.1146/annurev-neuro-070918-050208
https://doi.org/10.1016/j.tcb.2018.05.002
https://doi.org/10.1016/j.tcb.2018.05.002
https://doi.org/10.1242/jeb.112359
https://doi.org/10.1016/j.cell.2014.11.038
https://doi.org/10.1016/j.cub.2005.03.048
https://doi.org/10.1016/j.cub.2005.03.048
https://doi.org/10.1016/0896-6273(94)90346-8
https://doi.org/10.1016/0896-6273(94)90346-8
https://doi.org/10.1016/j.cell.2013.08.058
https://doi.org/10.1016/j.cell.2013.08.058
https://doi.org/10.1111/1523-1747.ep12616103
https://doi.org/10.1016/j.celrep.2018.07.095
https://doi.org/10.1016/j.celrep.2018.07.095
https://doi.org/10.1006/excr.1994.1103
https://doi.org/10.1098/rspb.1981.0017
https://doi.org/10.15252/embj.2020105380
https://doi.org/10.1038/s41586-019-1900-1
https://doi.org/10.1038/s41586-019-1900-1
https://doi.org/10.1186/1749-8104-4-37
https://doi.org/10.1186/1749-8104-4-37
https://doi.org/10.1002/jez.1400070103
https://doi.org/10.1002/jez.1400070103
https://doi.org/10.1002/wdev.135
https://doi.org/10.1002/neu.20110
https://doi.org/10.1016/j.ydbio.2010.05.502
https://doi.org/10.1016/j.ydbio.2010.05.502
https://doi.org/10.1371/journal.pgen.1006712
https://doi.org/10.1371/journal.pgen.1006712
https://doi.org/10.7554/eLife.05491
https://doi.org/10.1242/dev.01904
https://doi.org/10.1073/pnas.0700895104
https://doi.org/10.1073/pnas.0700895104
https://doi.org/10.1523/JNEUROSCI.23-09-03752.2003
https://doi.org/10.1016/0012-1606(83)90201-4
https://doi.org/10.1242/dev.128.18.3511
https://doi.org/10.1038/s41598-019-44866-0
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Yin et al.

Epidermal Control of Somatosensory Innervation

Talagas, M., Lebonvallet, N., Leschiera, R., Sinquin, G., Elies, P., Haftek, M., et al.
(2020a). Keratinocytes communicate with sensory neurons via synaptic-like
contacts. Ann. Neurol. 88, 1205-1219. doi: 10.1002/ana.25912

Talagas, M., Lebonvallet, N., Leschiera, R., Elies, P., Marcorelles, P., and
Misery, L. (2020b). Intra-epidermal nerve endings progress within keratinocyte
cytoplasmic tunnels in normal human skin. Exp. Dermatol. 29, 387-392.
doi: 10.1111/exd.14081

Tang, L. T., Diaz-Balzac, C. A., Rahman, M., Ramirez-Suarez, N. J., Salzberg, Y.,
Lazaro-Pefna, M. L, et al. (2019). TIAM-1/GEF can shape somatosensory
dendrites independently of Its GEF activity by regulating F-actin localization.
eLife 8:38949. doi: 10.7554/eLife.38949

Tenenbaum, C. M., Misra, M., Alizzi, R. A., and Gavis, E. R. (2017). Enclosure
of dendrites by epidermal cells restricts branching and permits coordinated
development of spatially overlapping sensory neurons. Cell Rep. 20, 3043-3056.
doi: 10.1016/j.celrep.2017.09.001

Terada, N., Saitoh, Y., Kamijo, A., Yamauchi, J., Ohno, N., and Sakamoto, T.
(2019). Structures and molecular composition of schmidt-lanterman incisures.
Adv. Exp. Med. Biol. 1190, 181-198. doi: 10.1007/978-981-32-9636-7_12

Topf, U., and Drabikowski, K. (2019). Ancient function of teneurins in tissue
organization and neuronal guidance in the nematode Caenorhabditis elegans.
Front. Neurosci. 13:205. doi: 10.3389/fnins.2019.00205

Tsubouchi, A., Caldwell, J. C., and Daniel Tracey, W. (2012). Dendritic filopodia,
ripped pocket, NOMPC, and NMDARs contribute to the sense of touch
in Drosophila larvae. Curr. Biol. 22, 2124-2134. doi: 10.1016/j.cub.2012.
09.019

Tsui, C. C., and Pierchala, B. A. (2010). The differential axonal degradation
of ret accounts for cell-type-specific function of glial cell line-derived
neurotrophic factor as a retrograde survival factor. J. Neurosci. 30, 5149-5158.
doi: 10.1523/JNEUROSCI.5246-09.2010

Tuttle, A., Drerup, C. M., Marra, M., McGraw, H., and Nechiporuk, A. V.
(2019). Retrograde ret signaling controls sensory pioneer axon outgrowth. eLife
8:46092. doi: 10.7554/eLife.46092

Usoskin, D., Furlan, A, Islam, S., Abdo, H., Lonnerberg, P., Lou, D., et al. (2015).
Unbiased classification of sensory neuron types by large-scale single-cell RNA
sequencing. Nat. Neurosci. 18, 145-153. doi: 10.1038/nn.3881

Vogel, B. E., and Hedgecock, E. M. (2001). Hemicentin, a conserved extracellular
member of the immunoglobulin superfamily, organizes epithelial and other cell
attachments into oriented line-shaped junctions. Development 128, 883-894.
doi: 10.1242/dev.128.6.883

Wang, J., and Ding, M. (2018). Robo and ror function in a common receptor
complex to regulate Wnt-mediated neurite outgrowth in Caenorhabditis
elegans. Proc. Natl. Acad. Sci. U S A 115, E2254-E2263. doi: 10.1073/pnas.
1717468115

Wang, F., Wolfson, S. N., Gharib, A., and Sagasti, A. (2012). LAR receptor tyrosine
phosphatases and HSPGs guide peripheral sensory axons to the skin. Curr. Biol.
22, 373-382. doi: 10.1016/j.cub.2012.01.040

Ward, R. E,, Lamb, R. S., and Fehon, R. G. (1998). A conserved functional domain
of Drosophila coracle is required for localization at the septate junction and has
membrane-organizing activity. J. Cell Biol. 140, 1463-1473. doi: 10.1083/jcb.
140.6.1463

Watt, F. M. (2002). Role of integrins in regulating epidermal adhesion, growth and
differentiation. EMBO J. 21, 3919-3926. doi: 10.1093/emboj/cdf399

White, J. G., Southgate, E., Thomson, J. N., and Brenner, S. (1986). The structure
of the nervous system of the nematode Caenorhabditis elegans. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 314, 1-340. doi: 10.1098/rstb.1986.0056

Williams, J. A., Barrios, A., Gatchalian, C., Rubin, L., Wilson, S. W., and Holder, N.
(2000). Programmed cell death in zebrafish rohon beard neurons is influenced
by TrkC1/NT-3 signaling. Dev. Biol. 226, 220-230. doi: 10.1006/dbio.2000.9860

Williams, K., and Ribera, A. B. (2020). Long-lived zebrafish rohon-beard cells. Dev.
Biol. 464, 45-52. doi: 10.1016/j.ydbio.2020.05.003

Woo, S.-H., Ranade, S., Weyer, A. D, Dubin, A. E,, Baba, Y., Qiu, Z., et al. (2014).
Piezo2 is required for Merkel-cell mechanotransduction. Nature 509, 622-626.
doi: 10.1038/nature13251

Woolf, C.J., Allchorne, A., Safieh-Garabedian, B., and Poole, S. (1997). Cytokines,
nerve growth factor and inflammatory hyperalgesia: the contribution of
tumour necrosis factor alpha. Br. J. Pharmacol. 121, 417-424. doi: 10.1038/sj.
bjp.0701148

Wu, H., Williams, J., and Nathans, J. (2012). Morphologic diversity of cutaneous
sensory afferents revealed by genetically directed sparse labeling. eLife 1:e00181.
doi: 10.7554/eLife.00181

Xiang, Y., Yuan, Q., Vogt, N., Looger, L. L., Jan, L. Y., and Jan, Y. N. (2010).
Light-avoidance-mediating photoreceptors tile the Drosophila larval body wall.
Nature 468, 921-926. doi: 10.1038/nature09576

Yadav, S., Younger, S. H., Zhang, L., Thompson-Peer, K. L., Li, T,, Jan, L. Y,,
etal. (2019). Glial ensheathment of the somatodendritic compartment regulates
sensory neuron structure and activity. Proc. Natl. Acad. Sci. U S A 116,
5126-5134. doi: 10.1073/pnas.1814456116

Yamamoto, M., Ueda, R., Takahashi, K., Saigo, K., and Uemura, T. (2006). Control
of axonal sprouting and dendrite branching by the Nrg-Ank complex at the
neuron-glia interface. Curr. Biol. 16, 1678-1683. doi: 10.1016/j.cub.2006.06.061

Yan, Z., Zhang, W., He, Y., Gorczyca, D., Xiang, Y., Cheng, L. E,, et al. (2013).
Drosophila NOMPC is a mechanotransduction channel subunit for gentle-
touch sensation. Nature 493, 221-225. doi: 10.1038/nature11685

Yang, W.-K,, Chueh, Y.-R.,, Cheng, Y.-J., Siegenthaler, D., Pielage, J., and
Chien, C.-T. (2019). Epidermis-derived L1ICAM homolog neuroglian mediates
dendrite enclosure and blocks heteroneuronal dendrite bundling. Curr. Biol.
29, 1445.e3-1459.€3. doi: 10.1016/j.cub.2019.03.050

Yasunaga, K.-I., Tezuka, A., Ishikawa, N., Dairyo, Y., Togashi, K., Koizumi, H.,
et al. (2015). Adult Drosophila sensory neurons specify dendritic territories
independently of dendritic contacts through the Wnt5-Drl signaling pathway.
Genes Dev. 29, 1763-1775. doi: 10.1101/gad.262592.115

Yeo, S.-Y., Miyashita, T., Fricke, C., Little, M. H., Yamada, T., Kuwada, J. Y., et al.
(2004). Involvement of Islet-2 in the slit signaling for axonal branching and
defasciculation of the sensory neurons in embryonic zebrafish. Mech. Dev. 121,
315-324. doi: 10.1016/j.m0d.2004.03.006

Zelina, P., Blockus, H., Zagar, Y., Péres, A., Friocourt, F., Wu, Z,, et al. (2014).
Signaling switch of the axon guidance receptor Robo3 during vertebrate
evolution. Neuron 84, 1258-1272. doi: 10.1016/j.neuron.2014.11.004

Zhang, H., Landmann, F., Zahreddine, H., Rodriguez, D., Koch, M.,
and Labouesse, M. (2011). A tension-induced mechanotransduction
pathway promotes epithelial morphogenesis. Nature 471, 99-103.
doi: 10.1038/nature09765

Zhu, T., Liang, X., Wang, X.-M., and Shen, K. (2017). Dynein and EFF-1
control dendrite morphology by regulating the localization pattern of SAX-7
in epidermal cells. J. Cell Sci. 130, 4063-4071. doi: 10.1242/jcs.201699

Zipursky, S. L., and Grueber, W. B. (2013). The molecular basis of self-avoidance.
Annu. Rev. Neurosci. 36, 547-568. doi: 10.1146/annurev-neuro-062111
-150414

Zou, W., Shen, A., Dong, X., Tugizova, M., Xiang, Y. K., and Shen, K. (2016).
A multi-protein receptor-ligand complex underlies combinatorial dendrite
guidance choices in C. elegans. eLife 5:18345. doi: 10.7554/eLife.18345

Zylka, M. J., Rice, F. L., and Anderson, D. J. (2005). Topographically distinct
epidermal nociceptive circuits revealed by axonal tracers targeted to Mrgprd.
Neuron 45, 17-25. doi: 10.1016/j.neuron.2004.12.015

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yin, Peterman, Rasmussen and Parrish. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2021 | Volume 15 | Article 680345


https://doi.org/10.1002/ana.25912
https://doi.org/10.1111/exd.14081
https://doi.org/10.7554/eLife.38949
https://doi.org/10.1016/j.celrep.2017.09.001
https://doi.org/10.1007/978-981-32-9636-7_12
https://doi.org/10.3389/fnins.2019.00205
https://doi.org/10.1016/j.cub.2012.09.019
https://doi.org/10.1016/j.cub.2012.09.019
https://doi.org/10.1523/JNEUROSCI.5246-09.2010
https://doi.org/10.7554/eLife.46092
https://doi.org/10.1038/nn.3881
https://doi.org/10.1242/dev.128.6.883
https://doi.org/10.1073/pnas.1717468115
https://doi.org/10.1073/pnas.1717468115
https://doi.org/10.1016/j.cub.2012.01.040
https://doi.org/10.1083/jcb.140.6.1463
https://doi.org/10.1083/jcb.140.6.1463
https://doi.org/10.1093/emboj/cdf399
https://doi.org/10.1098/rstb.1986.0056
https://doi.org/10.1006/dbio.2000.9860
https://doi.org/10.1016/j.ydbio.2020.05.003
https://doi.org/10.1038/nature13251
https://doi.org/10.1038/sj.bjp.0701148
https://doi.org/10.1038/sj.bjp.0701148
https://doi.org/10.7554/eLife.00181
https://doi.org/10.1038/nature09576
https://doi.org/10.1073/pnas.1814456116
https://doi.org/10.1016/j.cub.2006.06.061
https://doi.org/10.1038/nature11685
https://doi.org/10.1016/j.cub.2019.03.050
https://doi.org/10.1101/gad.262592.115
https://doi.org/10.1016/j.mod.2004.03.006
https://doi.org/10.1016/j.neuron.2014.11.004
https://doi.org/10.1038/nature09765
https://doi.org/10.1242/jcs.201699
https://doi.org/10.1146/annurev-neuro-062111-150414
https://doi.org/10.1146/annurev-neuro-062111-150414
https://doi.org/10.7554/eLife.18345
https://doi.org/10.1016/j.neuron.2004.12.015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Transparent Touch: Insights From Model Systems on Epidermal Control of Somatosensory Innervation
	INTRODUCTION
	C. elegans
	Drosophila
	D. rerio

	CONTROL OF INNERVATION PATTERNS WITHIN THE EPIDERMIS BY SECRETED CUES
	Regional Control of Skin Innervation
	One Guidance Cue, Multiple Functions
	One Neuron, Multiple Guidance Cues
	Combinatorial Functions of Guidance Signals

	EPIDERMAL GROWTH-PROMOTING SIGNALS
	Permissive Signals for Neurite Growth
	Growth Control by Secreted Factors

	CONTROL OF SSN NEURITE POSITION BY ECM INTERACTIONS
	DIRECT ADHESIVE INTERACTIONS THAT POSITION SOMATOSENSORY NEURITES
	SPECIALIZED EPIDERMAL-SSN INTERACTIONS
	Developmental Origins of Ensheathment
	Sheath Organization
	Functions of Epidermal Sheaths

	EPIDERMAL PRUNING OF SSNs
	FUTURE PROSPECTS
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


