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Abstract
The Functional Diversity of Mammalian Touch Receptors
Kara L. Marshall

Humans in the modern world can survive without the Aristotelian senses of vision,
hearing, smell or taste, but no one is completely without the ability to sense touch. This sense is
essential for everything from basic tasks like tool manipulation to the complex interactions that
underlie social bonding, sexual reproduction and pleasure. Touch receptors are embedded in the
skin, at the interface of our bodies and the world. A remarkable array of varied receptor types
tile our skin to signal different features of the objects we touch and alert us to their shape and
texture.

An early investigator of the neurological basis of touch, Maximillian von Frey,

proposed in 1895 that the morphological diversity of neural endings in the skin could represent
functional specificity. It is indeed the evolution of diverse receptor structures that has endowed
the sensory organ of our skin with remarkable somatosensory functions. Here I explore the
evolution of mechanosensing, and discuss how diversity in form and organization of touch
receptors, from the cellular to organismal level, can shape the function of touch reception.
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Introduction

Sensory systems evolved into varied forms to allow organisms to sample the surrounding
world and extract information relevant for survival. Our bodies are bombarded by thermal
changes, light, and chemicals, each of which has devoted encoding mechanisms; however,
sensors that detect force are perhaps the most varied in the mammalian repertoire. In addition to
the rich array of touch receptors in our skin, proprioceptors sense muscle and tendon stretch,
which provides an understanding of where our bodies are in space to produce smooth movements
(Bewick and Banks, 2015). Force sensing is also required for hearing: sound waves propagate
through the fluid-filled chambers of our inner ear to push stadium-stacked microvilli of hair cells
apart from one another (Fettiplace and Kim, 2014; Reichenbach and Hudspeth, 2014). The
activation of these specialized sensory cells excites neurons that convey sound. The detection of
force is not limited to outside stimuli: within our bodies we have baroreceptors that sense blood
pressure, osmoreceptors that sense the strain of cellular membranes, and stretch receptors that
alert us to the emergency of a full bladder. Though these senses seem quite disparate, they each
encode a measurement of force (Ranade et al., 2015).
Despite the importance and prevalence of this sensory ability, force sensing remains the
least understood sense in mammals.

Evolution selects for sensory systems that enable an

organism to respond optimally to its environment, thus, touch receptors have evolved diverse
forms to serve specific functions. Diversity in form is observed even among receptors of a single
subtype, which is predicted to impact their functional output. These studies show that form,
2

rather than following function, might dictate it (Chapter 2). Moreover, the structure of individual
touch receptors remodels in response to a changing milieu, and these structural modifications
change tactile encoding in the animal (Chapter 3). Variation in the placement and form of touch
receptors can impact their functional utility.

Here, I will explore how mammalian touch

receptors have evolved in atypical body plans for use in the ecological niche of the sky (Chapter
4). Together, these studies highlight the beautiful diversity in form and function that has
endowed mammals with remarkable tactile abilities.

THE MOLECULAR MECHANISMS OF MECHANOTRANSDUCTION
Force transduction
The process of transforming a physical stimulus into a cellular chemical signal is called
transduction. In the nervous system, sensory transduction culminates in change of a neuron’s
electrical potential by opening of ion channels in the plasma membrane. Sensory systems use
specialized transduction molecules to convert energy from specific stimuli into appropriate
cellular signals. For example, the transduction molecule for vision (light) is rhodopsin, which
changes conformation upon exposure to a photon. This begins a G-protein-coupled receptor
signaling cascade that culminates in ion-channel gating. Although G-protein signaling is a
commonly utilized mechanism for signal transduction, force stimuli are thought to directly gate
transduction channels in mechanosensory systems.
In mechanosensory cells, transduction channels are thought to be directly gated by force
because of their sub-millisecond response times (Corey and Hudspeth, 1979; O'Hagan et al.,
2005) Two primary models for the gating of mechanotransduction channels have been proposed.
The first model is that mechanotransduction channels are directly gated by force applied to the
3

lipid membrane and do not require accessory proteins. This is the mechanism used by all known
prokaryotic mechanosensitive ion channels (Kung, 2005; Lumpkin and Caterina, 2007).

The

second model is that efficient channel gating requires a tether to the cytoskeleton or extracellular
matrix, and force placed on this tether creates a tension that opens the ion channel. Such tethers
might couple directly to transduction channels. Alternatively, tethers could control membrane
deformation around a stretch-sensitive channel. In mammalian mechanoreceptors, the tethered
gating model is supported by work in sensory neurons (Hu et al., 2010) and by a wealth of
studies in hair cells (Vollrath et al., 2007;Assad et al., 1989; Hudspeth, 1985). Different modes
of gating are likely to be utilized by distinct mechanotransduction channels: recent studies of
Piezo1, a bona fide mammalian mechanotransduction channel, showed that this protein is gated
by membrane tension alone (Cox et al., 2016; Lewis and Grandl, 2015).
Although it is possible that channel gating could occur indirectly through a secondary
messenger cascade, there is no experimental evidence supporting this in any known
mechanotransduction channel. Corey and Hudspeth used vestibular hair cells to demonstrate that
the time between mechanical stimulation and an electrical response is ~40 µs (Corey and
Hudspeth, 1983). By contrast, the latency for phototransduction is tens of milliseconds due to
signaling intermediates. The speed of transduction indicates that force transduction molecules
are force-gated ion channels.

THE EVOLUTION AND DIVERSIFICATION OF FORCE SENSING
The remarkable diversity of systems that have evolved to detect force are not only present
in mammals: all living organisms are capable of mechanotransduction. The ubiquity of these
sensory systems suggests that it was one of the first to evolve (Anishkin et al., 2014). Although
4

there is some evidence for convergent evolution, the majority of mechanisms for
mechanotransduction are thought to have arisen divergently (Martinac, 2004).

Progress in

elucidating fundamental mechanisms of mechanotransduction has come from first exploring
these processes in simple organisms.

The earliest mechanosensor
The evolutionarily earliest form of mechanosensation came in the form of osmosensation,
as the first single-cell organism faced a challenge as soon as it was enveloped by a plasma
membrane: semi-permeable, water-filled sacs are subject to the laws of osmosis. The semipermeability of the membrane is essential for a cell’s ability to sense and respond to its external
environment, but requires tight control of the cell’s internal environment and the solutes
regulating its metabolic functions. In innocuous event of a rainstorm, for instance, the hypotonic
environment created outside of the cell will result in water will flowing to the cell and stretching
the membrane, so there must be a mechanism to preserve cell volume and membrane integrity.
The most extensively characterized channels that serve this function are the Msc channels of
Escherichia coli (MscL, MscS, and MscM), which act as emergency release valves to expel
solutes in the presence of hypotonic external solutions (Berrier et al., 1996). Msc channels serve
as both a sensor and effector to create this quick response that prevents lysing as a result of
increased intracellular osmotic pressure.
Cell-volume regulation is a problem for the cells of all living organisms. Homologues of
Msc channels are present in members of the ancient kingdom of Archaea, which have evolved to
live in the most inhospitable climates on earth (Kloda and Martinac, 2001). Msc channel
homologues are also be found in Fungi, along with other families of proteins that function as
osmosensors (Tanaka et al., 2014; Westfall et al., 2004; Wilson et al., 2013).
5

The only

homologues of Msc channels in multicellular organisms are found in plants. These MscS-like
(MSL) channels are likely to perform similar functions to their bacterial counterpart by allowing
plants to correct for improper cellular turgor (Haswell et al., 2008). Despite a more complex
body plan than members of other kingdoms, animal cells are still exposed to changes in
osmolarity that require close monitoring of cell volume. In vertebrates, a ubiquitous volumeregulated ion channel (VRAC) was long known to play a critical role in cellular and
physiological processes (Pedersen et al., 2015; Voss et al., 2014), and was recently identified as
LRCC8 or SWELL1 (Qiu et al., 2014). Thus, osmosensation is ubiquitous and was the first
mechanical force detection paradigm, but force sensors were expanded and diversified in the
animal kingdom to encompass a much broader range of stimuli.

INVERTEBRATE MECHANOTRANSDUCTION
Caenhorhabditis elegans mechanosensory neurons
The small nematode Caenorhabditis elegans has served as an excellent model to study the
molecular mechanisms of mechanotransduction because all of the 302 neurons that make up the
nervous system are well defined, and more than 10% of these are mechanosensory neurons
(White et al., 1986; Goodman, 2006). These neurons have distinct locations and morphologies
that poise them to detect specific stimuli that evoke a diverse set of behaviors. Escape responses
can be initiated by neurons that respond to nose or tail touch, which results in direction reversal
or a speedy escape, respectively (Chatzigeorgiou and Schafer, 2011; Pirri and Alkema, 2012).
Ciliated mechanosensory neurons innervating the nose are important for food detection (Kaplan
and Horvitz, 1993; Kindt et al., 2007; Li et al., 2006), and mating behaviors are guided by input
from male-specific neurons in the tail called sensory rays (Barr et al., 2001; Liu and Sternberg,
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1995; Liu et al., 2007). These distinct behavioral outputs arise from detection by unique primary
sensory neurons that are tuned to detect these different stimuli.
Neurons that line the worm’s body wall detect either gentle touch or harsh prodding
(Chalfie and Sulston, 1981; Chatzigeorgiou and Schafer, 2011; Way and Chalfie, 1989. Six
neurons mediate the directional change in response to the gentle stroke of an eyelash along the
nematode’s body wall and these have distinct structural features that distinguish them from other
body neurons. Gentle touch neurons are surrounded by a specialized extracellular matrix called
the mantle, and they are filled with unusual 15-protofilament microtubules that are unique to
touch-sensitive neurons (Tavernarakis and Driscoll, 2001). Microtubule associated proteins are
also required for touch sensitivity, which suggests that these mechanosensors use a tethered
gating mechanism (Hueston et al., 2008). Conversely, the neurons that respond to nociceptive
stimuli like poking have a very different morphology, with complex, “menorah” endings tiling
the length of the animal (Dong et al., 2013). These neurons rely on attachments to the worm’s
cuticle to detect prodding.
The sensory abilities of a given receptor usually arise from intrinsic sensory transduction
pathways, but more complex response properties can be generated within individual receptors
through interactions and feedback with other excitable cells. The FLP neuron is a polymodal
nociceptor that responds to heat and poking, but it is now understood they use remarkable gapjunction network to detect coincident inputs from nose-touch neurons. This has endowed this
specialized mechanoreceptor with two unique receptive fields and response modes: it is activated
by gentle touch on the nose and by nociceptive poking along the body wall (Chatzigeorgiou and
Schafer, 2011). This is an example of increased complexity arising in a primary sensory neuron
via a simple integrative circuit.
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Pioneering genetic screens by Chalfie and colleagues (Chalfie et al., 1981) identified 16
mec genes (mechanosensory abnormal) specifically required for the gentle touch response. Out
of these 16 genes, two encode ion channel subunits (mec-4 and mec-10). These channels are a
part of the DEG/ENaC superfamily of ion channels, which includes many ion channels expressed
in mammals. Mutant animals with non-functioning mec-4 and 10 have morphologically and
developmentally normal touch neurons, but do not respond to mechanical stimuli. Defects in
other mechanical senses in C. elegans have also pinpointed putative mechanosensory channels.
Loss of unc-8, which encodes a Deg/ENaC subunit similar to MEC-4 and MEC-10, causes an
uncoordinated phenotype in worms, suggesting a possible role in proprioceptive coordination of
muscle movement (Tavernarakis and Driscoll, 1997). These studies established the Deg/ENaC
superfamily of ion channels as critical mechanosensors in invertebrates.
In C. elegans, proteins from the transient receptor potential (TRP) family also contribute
to mechanosensation. TRP vanilloid (TRPV) isoforms osm-9 and ocr-2 are expressed in ciliated
mechanoreceptors, and their mutations impair nose-touch avoidance, hypertonicity and chemical
stimuli (Colbert et al., 1997; Kahn-Kirby and Bargmann, 2006; Tobin et al., 2002). These
proteins co-localize in sensory cilia. Their ciliary localization is interdependent; therefore, these
isoforms likely form heteromers. A channel expressed in the male-specific mating sensory rays,
PKD-2 is another TRP channel that localizes to sensory cilia (Barr et al., 2001). Mating defects
result from mutations in this gene and its partner, the PKD-1 homolog lov-1.

Drosophila melanogaster mechanosensory neurons
Flies have an even more expanded repertoire of mechanical senses than nematodes (for
review see Kernan, 2007). Drosophila melanogaster relies on auditory receptors to distinguish
8

mating songs, wing strain gauges to fly and proprioceptors to coordinate their six legs. Unlike
the mechanoreceptors in C. elegans, however, D. melanogaster mechanoreceptors rely on
complex accessory end-organ structures to detect this variety of mechanical stimuli.
The fly’s body is studded with type I ciliated mechanosensory receptors such as
chordotonal organs and bristles (Kernan, 2007). Chordotonal organs are stretch receptors that
make up the fly’s ear and contribute to proprioception. Other mechanoreceptors are attached to
hair-like bristles that extend beyond the body wall and serve as touch receptors.

These

mechanosensory organs are generally innervated by one sensory neuron, which extends a
sensory cilium into the bristle base. Bristles act as levers to transmit force to the cilium attached
at its base by the dendritic cap, and they may be able to detect movements as small as 1-2 nm
(Walker et al., 2000). When a bristle is bent, the proximal end compresses the dendritic shaft
surrounding the cilia against the outer segment membrane, which contains tubular bundles – an
array

of

microtubules

at

the

dendrite’s

core.

Without

these

tubular

bundles,

mechanotransduction is lost, so the compression of the ciliary membrane against this structure is
the putative gating stimulus (Kernan, 2007). The lever activation mechanism is reminiscent of
mechanoreceptors that respond to hair movement in mammals (Li et al., 2011).
Chordotonal organs are mechanosensory units that have no external process. They are
attached to the cuticle, or “skin” of the fly, and the neuron is secured basally and apically, thus
acting as a stretch organ. An array of chordotonal organs named the Johnston’s organ comprises
the fly’s antennal ear. Although bristles rely on compression to gate channels, shear forces
pulling on a dendritic cap connected to neuronal cilia is the stimulus in chordotonal organs.
The fly’s primitive ear, the Johnston’s organ, possesses intriguing parallels with the
vertebrate ear. The arista, a sail-like flagellum, rotates when it catches mechanical force from
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sound waves. This deforms the cuticle between the joint of the second and third antennal
segment, where the sensory units attach (Kernan, 2007). The mammalian cochlea is structurally
and functionally quite different from the fly antennal auditory organ, and this led to a common
belief that the two arose separately during evolution. Surprisingly, genetic evidence has now
revealed that many key genes required for proper development of the antennal auditory organ are
also required for normal development or function of the vertebrate ear (Boekhoff-Falk, 2005).
The proneural gene atonal is essential for differentiation of all chordotonal organs. Mammalian
knockouts of the atonal homolog gene (atoh1) lack both the mechanosensory hair cells of the ear
(Bermingham et al., 1999) and mechanosensitive Merkel cells of the skin (Maricich et al., 2009;
Van Keymeulen et al., 2009). Additionally, the vertebrate cochlea has the ability to amplify and
augment sounds so that they respond non-linearly to acoustic energy. The mechanism varies in
mammals and tetrapods, but is accomplished by contraction of the hair cell itself or through
movement of apical hair-cell bundles (Fettiplace and Ricci, 2003; Reichenbach and Hudspeth,
2014). Gopfert and Robert found that auditory neurons in the fly show a remarkably similar
nonlinear tuning, thus mirroring both the actuating and transducing roles of the vertebrate
cochlea (Gopfert and Robert, 2003).
This small organ has provided much insight into mechanisms of hearing, as well as other
mechanical senses.

Aside from hearing courtship songs and other relevant stimuli, the

Johnston’s organ is also responsible for Drosophila’s ability to sense gravity and wind
(Kamikouchi et al., 2009; Yorozu et al., 2009). The third antennal subunit is deformed by
gravity irrespective of head orientation, thereby providing the “gyroscope” function needed for
proper flight (Yorozu et al., 2009).
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Type II mechanosensory neurons are nonciliated neurons that innervate the cuticle, or
“skin” of the fly (Kernan, 2007). Their multidendritic morphology is reminiscent of mammalian
somatosensory neurons and C. elegans harsh body-touch receptors (Chatzigeorgiou and Schafer,
2011;Albeg et al., 2011). Like mammalian nociceptors, at least some of these neurons sense
both harsh touch and noxious heat (Tracey et al., 2003; Zhong et al., 2010).
Mechanosensory genes in Drosophila have been identified through forward genetic
screens for insensitivity to gentle touch, noxious stimuli, and mating song (Eberl et al., 1997;
Kernan et al., 1994; Tracey et al., 2003). The first bona fide mechanoreceptor identified in flies
was TRPN1, encoded by the no mechanoreceptor potential c (nompC) gene (Walker et al., 2000;
Yan et al., 2013). The Deg/ENaC genes pickpocket and balboa collaborate to produce
mechanical nociception in flies (Mauthner et al., 2014; Zhong et al., 2010)
These

discoveries

that

Deg/ENaC

and

TRP

channels

mediated

invertebrate

mechanotransduction prompted a hunt for orthologous channels in mammals. Although some
related mammalian Deg/ENaC proteins contribute to mammalian touch sensitivity, such as acid
sensing ion channels (ASICs) (Drew et al., 2004; Price et al., 2000; Price et al., 2001) and the
mec-2 relative stomatin-like protein 3 (SLP3) (Wetzel et al., 2007), none functions as bona fide
mechanotransduction channels.

The Drosophila touch channel TRPN1 is has homologs

expressed in C. elegans, zebrafish and amphibians, but is not found in mammals (Li et al., 2006;
Shin et al., 2005; Sidi et al., 2003; Walker et al., 2000). The Drosophila TRPA channel gene
painless mediates nociceptive responses in Drosophila (Tracey et al., 2003) and C. elegans
TRPA-1 impacts nose-touch and foraging behavior (Kindt et al., 2007), but mammalian TRPA1
has been shown to have only subtle effects on touch in mice (Lumpkin and Caterina, 2007;Kwan
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et al., 2009). Thus, the primary mechanisms that mammals employ for mechanotransduction
differs from lower organisms.

MAMMALIAN MECHANOTRANSDUCTION
Of the many specialized mechanosensory systems found across the animal kingdom,
mammals have developed the most varied receptors, but hunting for the mammalian
mechanotransduction channels proved difficult. Slower generation times in mice, the dominant
mammalian model organism, complicates the whole-animal behavioral screens that were so
useful in identifying invertebrate mechanotransduction channels (Chalfie et al., 1981; Kernan et
al., 1994). Moreover, mechanosensory cells or receptor endings in mammals are few in number
and are not readily separated from surrounding cells. This is most evident in the cochlea, which
only has about 15,000 hair cells and few transduction channels, making biochemical assays
difficult. (Gillespie and Muller, 2009). Similarly, Merkel cells, specialized mechanosensory
cells in the epidermis, only comprise 0.1% of all epidermal cells. Thus, new approaches were
required make progress in characterizing and identifying these channels.
One useful approach for analyzing mammalian mechanotransduction mechanisms is to
study sensory neurons in simplified, in vitro preparations.

For instance, cell bodies of

somatosensory neurons cluster in dorsal root ganglia (DRG) and trigeminal ganglia (TG), which
can be easily dissociated and cultured so that mechanically activated responses can be monitored
with electrophysiology or calcium imaging. Dissociated DRG neurons possess a number of
mechanically activated currents that may reflect bona fide mechanotransduction mechanisms.
For example, subsets of DRG neurons can be activated by radial stretch (Bhattacharya et al.,
12

2008, hypotonic stimuli Viana et al., 2001), suction (Takahashi and Gotoh, 2000) and direct
touch (McCarter and Levine, 2006; Poole et al., 2015; Rugiero et al., 2010).
After many failed searches for mammalian homologues of identified invertebrate
channels, it was an in vitro screen of mammalian cell lines that yielded an entirely new family of
mechanotransduction channels.

Coste et al. performed expression profiling and RNAi

knockdown to test for loss of mechanically activated currents in Neuro2A cells. This identified
Piezo1 and 2, the first bona fide mammalian mechanotransduction channels (Coste et al., 2010;
Coste et al., 2012; Kim et al., 2012). Since their discovery, Piezo channels have been implicated
as the primary transduction channel for gentle touch and proprioception, and also play a role in
internal mechanosensing in the cardiovascular system, lymph system and lung development
(Lukacs et al., 2015; Maksimovic et al., 2014; Ranade et al., 2014a; Woo et al., 2015; Woo et al.,
2014).

Human mutations in Piezo genes have also been implicated in multiple diseases

(Albuisson et al., 2013; Coste et al., 2013; McMillin et al., 2014; Okubo et al., 2015). Although
identified in mammals, Piezo channels are highly conserved, with at least one Piezo protein
found in plants, worms and flies (Bagriantsev et al., 2014; Kim et al., 2012; Kurusu et al., 2013).
These channels do not resemble any previously defined class of ion channels (Coste et al., 2010;
Ge et al., 2015; Zhao et al., 2016).

Thus, Piezos constitute a mechanism for

mechanotransduction that is conserved throughout many phyla, and they play an essential role in
mammalian force sensing.

Mammalian somatosensation
Somatosensation encompasses how the body responds to both the external and internal
stimuli and is conveyed by a diverse set of sensory neurons that are embedded in the body’s
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tissues. At the interface of our bodies with the external environment, the skin acts as our first
line of defense and also functions as the largest sensory organ in our body, with a diverse
repertoire of functions.

Cutaneous neurons convey thermal, chemical and mechanical

information. In addition to detecting forces at the body’s surface, many of the mechanosensors
detect stimuli internally: baroreceptors in the cardiovascular system detect blood pressure,
kidneys detect fluid flow and osmotic pressure, receptors in the bladder and stomach detect
stretch (Powley et al., 2016; Ranade et al., 2015; Teng et al., 2015; Zagorodnyuk et al., 2006).
Proprioceptive neurons allow us to determine where our limbs are in space by conveying joint
angle and the contractile status of our musculature. These afferents include muscle spindle
organs, which are responsible for reporting muscle length as well as Golgi tendon organs, which
interweave with collagen fibrils at muscle ends to convey information about muscle tension
(Bewick and Banks, 2015). Both of these afferent types provide feedback to the brain that
allows animals to protect their muscles from overstretching and to form a neural representation
of their body position, which is required for smooth movements (Azim et al., 2014; Fink et al.,
2014).
Piezo2 channels have been proposed as the primary mechanotransduction channels for
mammalian mechanical somatosensory receptors (Ranade et al., 2014b; Woo et al., 2015; Woo
et al., 2014). Although Piezo2 plays a key role in transducing touch, knockout animals do not
have dramatic changes in response to painful mechanical stimuli (Ranade et al., 2014b). Thus a
separate, undiscovered mechanotransduction mechanism that signals high-threshold stimuli in
mammals could remain to be discovered. Now that part of the molecular identity is solved,
advances in understanding mammalian somatosensation, particularly in the field of touch, will
accelerate.
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Mammalian touch receptors
The study of touch remains one of the frontiers in sensory neuroscience: it is the least
understood of the five Aristotelian senses.

Our skin is richly innervated by an array of

mechanoreceptors, each of which is tuned to detect specific types of stimuli. Much like the
variation in location and end-organ structure of mechanosensors in flies endow them with unique
functions, the mammalian skin contains numerous types of touch receptors that are
morphologically and functionally distinct (Abraira and Ginty, 2013).

The sense of touch

encompasses more than just the simple encoding of skin indentation. Touch submodalities
include vibration, gentle touch, painful touch and hair movement receptors, each of which is
encoded by a subset of receptors specialized for that purpose (Abraira and Ginty, 2013).
Subtypes of touch receptors are distinguished by their end-organ morphology, which is the
structure of the neuron and accessory cells at their terminals in the skin. Moreover, each receptor
type responds to a given force stimulus with a unique electrophysiological signature. Together,
the combinatorial input of cutaneous neurons forms the complex perceptions of an object’s
texture, shape and softness (Abraira and Ginty, 2013).
Sensory neuron diversity in mammals can be detected even at the level of the cell body.
Peripheral sensory neuron cell bodies are located in DRGs, which are encased in bone at the
sides of each vertebrae in the spinal column. These pseudounipolar neurons send one axon to the
spinal cord, and another to their peripheral target tissue. Three major classifications of sensory
neurons can be defined by cell-body and axon diameter, which correlate, and by myelination.
These properties also impact the firing profile of the afferents. Ab afferents have the largest cell
bodies and axons with thick myelination, which enables the fastest conduction velocities of the
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sensory neuron subtypes. These fast afferents can be further defined based on the adaptation
properties of their responses: slowly adapting (SA) afferents respond throughout the duration of
sustained stimuli, such as skin compression or stretch, and rapidly adapting (RA) afferents
respond to stimulus changes and cease firing when the stimulus stops. The second major class of
sensory afferents are Ad fibers, which have medium sized cell bodies, thin myelination and
intermediate conduction velocity. C-fibers are the smallest cell bodies and lack myelination in
the periphery. Nociceptive information is carried by Ad and C-fibers, but there are many
exceptions to this rule: a class of C-fiber afferents is proposed to convey pleasurable touch, and
some Ad afferents are tuned to detect innocuous hair movement (Olausson et al., 2002; Rutlin et
al., 2014; Vrontou et al., 2013). In each case, a given touch receptor is defined in part by its
afferent classification.
Different classes of touch receptors are further divided by the variation in the structures
that the afferents innervate in the skin. Whereas nociceptive neurons often terminate in the skin
as free nerve endings, touch receptors display a rich diversity of accessory cells and structures
that aid in transduction, either directly or indirectly. In some cases, these accessory cells act as
filters for incoming mechanical stimuli, as in the case of vibration receptors. These terminating
structures in the skin are called the afferent’s end organ. They shape the receptor’s preferred
stimulus and tuning properties and constitute the second overarching criteria for classifying
touch receptors.
With some variation, the primary touch-receptor subtypes are conserved among
mammals, as is the structure of the skin in which they are embedded. The presence of hair is one
common feature of mammalian skin. Although the density of the human’s hairy coat has been
greatly diminished, hairy skin covers most of the body in primates and rodents, with small areas
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of glabrous, or hairless, skin in locations like the hands and lips. Aside from a lack of hair,
glabrous skin has distinct histological features that distinguish it from hairy skin. Glabrous skin
covers areas that experience high use, so a thickened epidermis provides protection from wear
and tear, and undulating invaginations of the epidermis into underlying dermis, called rete ridges,
provide added structural stability. Glabrous skin contains a different complement of touch
receptors than hairy, as these areas are specialized for different functions: glabrous skin assists
with grasp and object exploration, whereas hairy skin promotes pleasurable touch and bonding
(Abraira and Ginty, 2013; Liljencrantz and Olausson, 2014; Olausson et al., 2002).

Glabrous skin touch receptors
There are four types of Ab touch receptors found within glabrous skin. Two subtypes
have slow adaption properties, which make them important for detecting sustained stimuli.
Afferents terminating in Merkel cell-neurite complexes produce slowly adapting type I (SAI)
responses, whereas Ruffini endings produce SAII responses.

Merkel cells are specialized

mechanosensory cells in the basal epidermis that line the deep invaginations of rete ridges. Each
Merkel cell is contacted by branches from an afferent, which forms multiple Merkel cell-neurite
complexes within a given touch receptor. Together, Merkel cells and their afferent detect
sustained pressure and convey information about edges and shape (Johnson and Hsiao, 1992;
Johnson and Lamb, 1981; Phillips et al., 1992). Ruffini afferents are not as well defined, but
they respond preferentially to skin stretch and convey information about hand and finger position
and conformation (Abraira and Ginty, 2013; Johnson et al., 2000; Yau et al., 2016). These two
types of SA responses can be distinguished electrophysiologically by their different receptive
field properties and firing properties (Wellnitz et al., 2010). SAI afferents have much smaller
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receptive fields than SAII afferents, and higher variability in their inter-spike intervals. SAI
response variability is quantitatively defined by a high coefficient of variation in inter-spike
interval times, which results in a highly irregular response pattern. By contrast, SAII responses
are remarkably regular throughout the stimulus. These sustained responses are critical for
detecting ongoing stimuli.
Two classes of rapidly adapting glabrous skin receptors terminate as Meissner’s (RAI)
and Pacinian (RAII) corpuscles, and convey different magnitudes of vibration. Meissner’s
corpuscles sit close to the epidermal surface at the tops of dermal papillae, the distal nadir of rete
ridges, and are surrounded by thin lamellar cells. Thus, they are poised to detect low-frequency
vibrations (<40 Hz) that can represent an object slipping in the hand, the sensation of flutter, and
some aspects of texture. Pacinian corpuscles are located deep in the dermis, and the RAII
afferents are wrapped by onion-like layers of lamellae that act as a high-pass mechanical filter,
which enables them to detect high-frequency vibrations around 200 Hz. Their deep location
results in very large receptive fields, but they can sensitive enough to detect nanometer-range
movement (Janig et al., 1968; Loewenstein and Rathkamp, 1958; Lynn, 1971) Together, RA
receptors are essential for detecting changing stimuli and movement. These afferent types are
also present in hairy skin, but have different end-organ arrangements.

Hairy skin touch receptors
Hair is a mammalian adaptation that provides skin protection and aids in thermal
regulation, but each hair also serves as a remarkable sensory organ. The coat of a mouse, where
these touch receptors are best studied, consists of three different hair follicle types: guard or
tylotrich hairs, the largest in diameter and the rarest hair type, only comprising ~1% of all
follicles, awl/auchene hairs (23%), and the small zigzag hairs, which compose the majority of the
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coat hair (76%) (Li et al., 2011).

Every hair follicle is innervated by low-threshold

mechanoreceptors (Li et al., 2011), and each hair type is associated with a specific complement
of these receptors.
Hair follicle afferents detect touch and hair deflection, thus extending sensory abilities of
the skin to stimuli beyond its surface. Hairs act as levers to compress the ends of these afferents
when moved, acting as the mammalian correlates of the fly bristle receptors. These endings have
diversified far beyond those of fly bristles, however. These receptors are called lanceolate
endings in reference to their fence-like endings that fully or partially encircle hair follicles.
Lanceolate endings optimally respond to hair deflection with rapidly to intermediately adapting
responses. Remarkably, every afferent class forms these endings: Ab lanceolates innervate
guard hairs and awl/auchene hairs, Ad- and C-fiber lanceolates innervate awl/auchene and
zigzag hairs with intercalating endings (Li et al., 2011). A single afferent extends to multiple
follicles, but their receptive fields differ by afferent type. Ab lanceolates have the smallest
receptive fields and only innervate 1–2 guard hairs and up to 15 total hairs, Ad lanceolates
extend to up to 43 follicles (Li and Ginty, 2014; Li et al., 2011; Rutlin et al., 2014). C-fiber
lanceolates have receptive fields restricted to about 22 hair follicles (Li and Ginty, 2014; Li et al.,
2011). Another Ab end organ that detects low-threshold stimuli, circumferential fibers, innervate
an average of 84 hair follicles to act as “field receptors” over 3–4 mm2 of skin (Bai et al., 2015).
The overlapping extent of all of these hair-associated end organs results in a tiled, integrated
network of sensitive detectors that signal stimuli moving on or near the skin’s surface.
The different classes of lanceolate afferents appear to have very similar end-organ
structures, yet subtle differences in their arrangement and morphology poise them to serve
varying functions.

For example, although all lanceolates respond to hair deflection, Ad
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lanceolates are directionally selective at the individual neuron level (Rutlin et al., 2014). The
specific morphology of these lanceolates underlies this functional feature: asymmetric BDNF
expression in developing hair follicles directs innervation to only the caudal side, and loss of this
polarization impairs directional selectivity (Rutlin et al., 2014). Thus, these receptors are an
excellent example of how end-organ structure can shape receptor function.
The touch receptors in hairy skin that are best at conveying object features, as in the
glabrous skin, are Merkel cell-neurite complexes. In the hairy skin, Merkel cells are located in
morphological regions called touch domes, which are associated with guard hairs in mice. These
domed areas of epidermis are formed by columnar keratinocytes and define the extent of the SAI
afferent’s receptive field (Iggo and Muir, 1969; Morrison et al., 2009; Woo et al., 2010). Merkel
cells sit in a crescent on the caudal side of the guard hair in the basal epidermis, where they are
contacted by the unmyelinated branches from an SAI afferent. Pressure on the touch-dome
surface activates both Merkel cells and their innervating afferent, and together they form the SAI
response pattern.

Merkel-cell afferents have served as a useful model touch receptor for

delineating features of mammalian mechanotransduction and touch-receptor function
(Maksimovic et al., 2014; Maricich et al., 2009; Nakatani et al., 2014; Woo et al., 2014).

Merkel cell neurite complexes as model touch receptors
To understand how the diversity in form, even at the level of individual afferents, affects
neuronal output, this dissertation focuses on Merkel cell-neurite complexes in mice. Merkel
cells were first discovered in the avian bill skin in 1875 by Friedrich Merkel (Merkel, 1875), and
later in the epidermis of mammals (Pinkus, 1902). Their distinctive morphology and location led
many to propose that they functioned as sensory cells. Although studies had long suggested a
20

mechanosensory function, recent definitive experiments proved that Merkel cells are directly
activated by pressure, are capable of exciting sensory neurons (Maksimovic et al., 2014), and
that their activity is essential for the SAI response (Maksimovic et al., 2014; Maricich et al.,
2009; Woo et al., 2014). Disentangling mechanical sensitivity of SAI afferents versus Merkel
cells in vivo was difficult, as touching the skin delivers force stimulus to both the Merkel cells
and the underlying neuron. One study overcame this barrier by using genetically encoded lightsensitive channelrhodopsin to activate Merkel cells independent of mechanical stimuli.
Excitation of Merkel cells with light was sufficient to cause SAI afferent firing (Maksimovic et
al., 2014). Piezo2 was identified as the mechanotransduction channel for both Merkel cells and
their afferent (Ikeda et al., 2014; Maksimovic et al., 2014; Woo et al., 2014). These studies
validated the Merkel cell-neurite complex as a touch receptor that relies on two bona fide
mechanotransduction cell types.
The mechanisms by which Merkel cells communicate with the Merkel cell afferent is
unknown, but Merkel cells have small dense-core vesicles and express proteins involved in
vesicular loading and synaptic release machinery (Haeberle et al., 2004).

Proposed

neurotransmitters at this putative synapse include glutamate, monoamines such as serotonin and
ATP (Maksimovic et al., 2013). Although evidence suggests that keratinocytes also modulate
sensory neuron responses (Baumbauer et al., 2015), their capability to activate neurons with
touch-independent excitation identifies Merkel cells as the only cells in the epidermis that
complex with neurons to act as a primary site of mechanotransduction.
These two-part touch receptors serve as an excellent model system to study how the
formation of an end organ shapes tactile encoding. The first description that SAI responses were
initiated by touch-dome compression was from Iggo & Muir (Iggo and Muir, 1969). Those who

21

first established the specificity of touch-dome afferent responses also posited that the unique
structure of Merkel-cell afferent end organs could govern their function:
“…the special physiological properties of the touch corpuscle are not only
associated with the specialized morphology of the receptor but actually depend on
it.” (Iggo and Muir, 1969)
They made this conclusion based on the observation that normal SAI responses only returned
after nerve injury once the Merkel cells had returned (Brown and Iggo, 1967). Moreover, Iggo
and Muir propose that the variability in SAI responses is a result of multiple sites of action
potential initiation (Iggo and Muir, 1969). This set the stage for investigating the features of
these end organs in detail.
The small, punctate receptive field of the touch dome endows Merkel-cell afferents with
the ability to accurately discriminate edges and it is thought that the domed nature of the
keratinocytes overlaying Merkel cells mechanically isolates them from surrounding skin.
Studies in monkeys and human glabrous skin revealed that SAI afferent responses followed the
spatial details of edges and braille-like stimuli with far better spatial resolution than other
afferent classes (Phillips et al., 1992). This remarkable capability to extract the geometric
features of a touched object at the primary afferent level was later directly linked to receptivefield structure in human SAI afferents (Pruszynski and Johansson, 2014). This study mapped the
topography of receptive fields at the level of tactile sensitivity, where “hot spots” that produced
high firing rates were identified.

They show that the temporal progression or coincident

activation of hot spots in the receptive field could be the functional basis for single-neuron
feature detection. The morphological details underlying the “hot spot” topography could not be
defined in human studies, which preclude histological investigation or genetic manipulation.
The studies of Merkel cell-neurite complexes in mice described here allow for an
histological understanding of how receptive field structure influences physiological output.
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Interestingly, there is remarkable morphological variability between afferent end organs. These
data, which preceded but was complemented by the human study, showed that even small
structural differences within an end organ could influence neuronal output and sensitivity
(Chapter 2).

Tactile specializations in mammals
The diversity of mechanoreceptive endings in the mammalian skin that are dedicated only
to detecting innocuous touch is astounding, and endows mammals with remarkable tactile
abilities. Primates rely on touch inputs for a wide range of functions, from dexterous tool
manipulation to social bonding. Multiple afferent inputs integrate and complement each other to
convey different elements of even a simple stimulus: when you hold an object in hand, SAII
afferents will indicate how your hand curves to grasp it- a measure of object size, and RAI
afferents will alert you to it slipping from your grasp independently of the sustained pressure
conveyed by SAI afferents.

The necessity of touch can be observed in our own human

experience when we attempt to pick up an object with numb hands on a winter day: even the
simplest of tasks is thwarted without tactile input.
The redundancy and diversity of touch receptors in mammals indicates that this sense is
evolutionarily important for mammalian survival, but how have touch receptors been modified
for different environments? Mammals that inhabit different ecological niches have evolved a
wide range of tactile specializations. Even within the largest mammalian order, Rodentia,
different species utilize different mechanisms to explore their environment. The most studied
rodent tactile organ is the extensive whisker array used by mice and rats to identify objects,
textures and edges with excellent acuity (Diamond et al., 2008; Hartmann, 2011). Two features
influence tactile acuity in a given region: the density of its peripheral innervation and the extent
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of somatosensory cortex devoted to that area. The whisker system in most rodents displays high
values for both measures: hundreds of Merkel cells and extensive lanceolate-like endings
surround each whisker follicle, and 27% of a rat’s entire neocortex is devoted to the
somatosensory system (Woolsey and Van der Loos, 1970; Catania and Remple, 2002). Another
rodent, the naked mole rat, lacks the typical rodent coat hair and has much smaller whisker
arrays.

This makes them better suited for subterranean tunnel living.

Instead, they have

extensive somatosensory areas in their brain devoted to mechanoreceptive signals from their
enlarged front teeth, which they use to dig through earth (Catania and Remple, 2002).
Another subterranean animal, the star-nosed mole, has evolved a very different organ to
explore underground: these functionally blind animals employ a remarkable prehensile, tactile
nose to search for food. At the tip of their snout is an array of fleshy finger-like appendages.
Each finger, called a ray, is endowed with ~25,000 sensitive Eimer’s organs, which they use to
forage with unparalleled alacrity (Catania and Remple, 2005). Eimer’s organs are enriched in
Merkel-cell endings (Catania, 1995, 1996, 2011; Gerhold et al., 2013). In a parallel to the retina,
two of the rays act as a sensory fovea (Catania and Remple, 2004). Remarkably, functional
studies revealed that tactile rays are magnified the mole’s somatosensory representation, and this
comprises at least 47% of the neocortex – a massive expansion over laboratory rats (Catania and
Kaas, 1997; Catania and Remple, 2004; Catania and Remple, 2002), which indicates the
importance this unusual tactile organ to the survival of this unusual animal.
Bats occupy a very different ecological niche from rodents and moles, as they are the
only mammals that are capable of powered flight. This access to food via the sky, either to reach
flying insects or fruit in the treetops, has been a successful strategy: Chiroptera is the second
largest mammalian order after Rodentia, comprising over 20% of all mammalian species
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(Cooper et al., 2012). The mechanical environment experienced by subterranean mammals and
bats is quite different: rather than navigating the edges and openings of tunnel walls, bats
contend with dynamic airflow during flight. Bats achieve agile flight using their wings, which
are modified forelimbs with elongated fingers connected by a thin, flexible skin membrane. Bat
wings are differentiated from bird wings because they maintain articulated finger joints and the
sensory organ of the skin is directly exposed to the air. More than one third of the primary
somatosensory cortex of the big brown bat is devoted to wing sensation (Chadha et al., 2011).
Moreover, Cynthia Moss and colleagues found that inputs from microscopic wing hairs guide
flight behavior (Sterbing-D'Angelo et al., 2011). This led us to investigate the end organs and
organization of the wing’s sensory innervation to understand how the functional diversity of
touch receptors evolved in these mammals with unusual body plans and behaviors (Chapter 4).
These animals are an excellent example of the creative solutions mammals have evolved to adapt
and respond to mechanical stimuli in various ecological niches.
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Chapter 2

Computation Identifies Structural Features that Govern
Neuronal Firing Properties in Slowly Adapting Touch
Receptors
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INTRODUCTION
A diverse array of touch receptors allows animals to discern object shapes, to explore
surface textures and to detect forces impinging upon the skin. In mammals, distinct classes of
mechanosensory afferents are tuned to extract specific features of a tactile stimulus and then to
encode them as trains of action potentials, “spikes”, with unique firing properties (Johnson,
2001). A common feature of mechanosensory neurons is specialized anatomical structures, end
organs, that shape their neuronal outputs (Chalfie, 2009). For example, recent studies show that
mouse hair follicles are innervated by at least three molecularly (Li et al., 2011) and ten
anatomically (Wu et al., 2012) distinct types of cutaneous afferents. A key unanswered question
is: how does a tactile afferent’s peripheral architecture govern its neuronal response to touch
stimuli?
Due to their unusual architecture, somatosensory neurons do not initiate action potentials
at axon initial segments, as neurons of the central nervous system do. Instead, sensory stimuli at
peripheral terminals produce receptor potentials, which sum locally to trigger spikes that travel to
central terminals up to 1 m away. A landmark study of Pacinian corpuscles, one type of
myelinated tactile end organ, established that spikes initiate at the heminode, the most distal node
of Ranvier (Loewenstein and Rathkamp, 1958). A Pacinian corpuscle is innervated by an unbranched afferent; however, most tactile end organs comprise branching afferents with multiple
putative sites of sensory transduction.
The question of how spike trains arise in branched sensory neurons has fascinated
neurobiologists for nearly a century (Adrian and Zotterman, 1926a). In simple configurations
found in crustacean stretch receptors and frog muscle spindles, receptor potentials from all
branches integrate at a single spike initiation zone (Adrian and Zotterman, 1926b). As stimulus
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intensity increases, transduction sites in more branches are recruited, producing larger receptor
potentials to reach spike threshold. Thus, this configuration results in firing rates proportional to
the number of transduction sites recruited. Alternatively, sensory afferents can have multiple
spike initiation zones, each driven by inputs from one or a few branches (Horch et al., 1974).
Support for this model comes from studies of mammalian muscle spindles and tendon organs,
which have multiple myelinated branches and heminodes where spikes might initiate (Banks et
al., 1997; Fukami, 1980; Quick et al., 1980). When a stimulus excites multiple branches, a spike
produced by one zone is thought to propagate antidromically into other branches, activating other
spike initiation zones and thereby suppressing firing during their refractory period.

As a

consequence of this resetting mechanism, the spike initiation zone with the highest firing rate is
thought to act as a driver for firing in the afferent as a whole. Electrophysiological studies
provide strong support for this model (Fukami, 1980; Horch et al., 1974; Lindblom and Tapper,
1966; Peng et al., 1999); however, the structural principles that govern spike initiation and
integration in mammalian tactile afferents are unknown.
To elucidate the origin of firing patterns in branched tactile receptors, we examined
slowly adapting type I (SAI) afferents. These mechanoreceptors localize to skin regions
specialized for high tactile acuity, including fingertips, whisker follicles and touch domes.
Because they represent fine spatial details with high fidelity, SAI afferents are thought to encode
object features such as edges and curvature (Johnson, 2001). The SAI afferent’s end organ is a
cluster of Merkel cell-neurite complexes, which are required to produce canonical SAI firing
patterns in mouse touch-dome afferents (Maricich et al., 2009). Because the essential processes
of mechanotransduction and spike initiation occur in tactile end organs, we analyzed the impact
of end-organ architecture on touch-evoked responses. As it is not yet possible to directly record
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from tactile end organs embedded in mammalian skin, we employed a combined experimental
and computational modeling approach to identify simple structural principles that can account
for the SAI afferent’s mechanosensory coding properties.
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RESULTS
Quantitative morphometric analysis of mouse SAI afferents.
SAI afferents are myelinated Ab afferents that innervate Merkel cells located in the
epidermis. Although dermal segments are thickly myelinated, SAI afferents lose their myelin
sheaths just below the dermal-epidermal junction and unmyelinated branches, which are here
termed ‘neurites’, traverse the basal lamina to contact Merkel cells (Figure 2.1A; Iggo and Muir,
1969). To identify structural domains in SAI afferents, we first sought to localize nodes of
Ranvier, sites of spike integration and propagation, as well as heminodes, which are the
anatomical substrates of spike initiation in mouse SAI afferents.
As the type of sodium channels at nodes of Ranvier in myelinated cutaneous afferents is
unknown, we surveyed conserved node proteins in cryosections of adult mouse hairy skin (8–10
weeks of age). We identified SAI afferents by their immunoreactivity to Neurofilament H (NFH;
a myelinated-neuron marker) and by their contacts with Keratin-8-positive Merkel cells in touch
domes, which are specialized skin regions that surround tylotrich (guard) hairs (Figure 2.1B–C).
Myelin Basic Protein (MBP) antibodies were used to visualize myelin end points and gaps,
which are the sites of heminodes and nodes of Ranvier, respectively (Figure 2.1B–C). We
identified intense, punctate immunoreactivity for the voltage-activated sodium channel NaV1.6 at
myelin end points and myelin gaps in cutaneous afferents. In SAI afferents, NaV1.6 puncta
localized to 93% of observed myelin end points (N=28/30; Figure 2.1B) and 100% of myelin
gaps (N=9/9; Figure 2.1C). These data demonstrate that nodes and heminodes in SAI afferents
can be reliably identified by visualizing either MBP or NaV1.6. Moreover, they identify NaV1.6
as a principal node component in these cutaneous afferents. We did not observe
immunoreactivity against voltage-activated sodium or potassium channels in unmyelinated
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neurites juxtaposed to Merkel cells (N=201 Merkel cell-neurite complexes), although it is
possible that these channels are present at levels below detection threshold. Based on the strong
enrichment of NaV1.6 at heminodes, we infer that spikes likely initiate at these sites, as they do
in Pacinian corpuscles (Loewenstein and Rathkamp, 1958), rather than initiating in SAI-afferent
terminals.
We next sought to quantify the arrangement of afferent branches, nodes and Merkel cells
in complete tactile end organs. We employed confocal microscopy and whole-mount skin
immunostaining to visualize the entirety of the SAI afferent’s end organ (Li et al., 2011). Myelin
end points were capped with NaV1.6-positive heminodes (Figure 2.1F). Unmyelinated neurites
that extended from these heminodes branched to contact Merkel cells. In myelinated branches,
nodes of Ranvier localized to myelin gaps at every branch point and along un-branching afferent
lengths. These reconstructions demonstrate that SAI afferents have complex axonal arbors with
extensive branching and multiple heminodes and nodes of Ranvier. Thus, we conclude that
spikes have the potential to initiate at multiple domains and then integrate downstream at branchpoint nodes in the arbor.
We next traced SAI afferents in three dimensions to quantify structural parameters
(Figure 2.1D’–F’). Distributions of nodes and heminodes identified by MBP and NaV1.6 were
indistinguishable, so datasets were pooled for quantitative analysis (Figure 2.1G–I). In 83% of
touch domes surveyed, Merkel cells were innervated by branches of a single SAI afferent (N=18,
Figure 2.1D–D’, F–F’). In three reconstructions, two afferents projecting from different nerve
trunks appeared to contact Merkel cells within a single touch dome (Figure 2.1E–E’). It is
possible that these branches converged beyond the field of view. Alternatively, two distinct
afferents might innervate Merkel cells in a minority of touch domes, as previously observed in
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rat (Casserly et al., 1994; Yasargil et al., 1988). We focused quantitative analysis on touch domes
with single-afferent innervation, as they represented the majority of touch domes (N=15).
Afferents displayed five to seven nested orders of branches. Arbor complexity, as represented by
the highest branching order, did not correlate with Merkel-cell number (Figure 2.1G). The
number of Merkel cells contacted by an afferent ranged almost fivefold (Figure 2.1H). Total
branch number varied more than twofold between touch domes; however, when myelinated
branches and unmyelinated neurites were quantified separately, we observed that unmyelinated
neurites accounted for most of this variation (Figure 2.1H). Quantities of myelinated branches
and heminodes were more restricted and were independent of Merkel-cell counts (linear
regression p=0.56 and 0.55, respectively). Most Merkel cells (≥85%) were directly contacted by
neurites, suggesting that they were incorporated into afferent arbors (Figure 2.1I). Similarly,
≥80% of terminal neurites were occupied by Merkel cells in most touch domes (Figure 2.1I).
This quantitative analysis reveals a surprising degree of structural diversity in SAI-afferent end
organs, particularly in the abundance of Merkel cell-neurite complexes. Importantly, the number
of complexes exceeded heminodes within each arbor, indicating that individual heminodes must
receive inputs from multiple Merkel cell-neurite complexes.
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Figure 2.1 Morphometry of touch-dome afferents reveals diverse end-organ architectures
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Figure 2.1 Morphometry of touch-dome afferents reveals diverse end-organ architectures.
(A) Schematic of the SAI afferent’s end organ.
(B–C) SAI afferents, labeled with antibodies against Neurofilament-H (NFH; cyan) and Myelin
Basic Protein (MBP; magenta), were identified by their connection to Keratin 8-positive Merkel
cells (K8; blue) in touch-dome cryosections. The voltage-gated sodium channel NaV1.6 (yellow)
localized to heminodes (B) and nodes of Ranvier (C) Scale bar in C (10 µm) applies to B.
(D–F) Projections of touch domes labeled in whole mount. (D) NFH (red), MBP (green) and K8
(blue) labeled Merkel cells contacted by a single myelinated afferent or (E) two afferent
branches whose point of convergence was not identified. Arrows: examples of heminodes;
arrowheads, examples of nodes of Ranvier. (F) NaV1.6 (green) identified heminodes and nodes
in an NFH-positive afferent (red) innervating K8-positive Merkel cells (blue). Inset shows an
expanded view of an NaV1.6-positive node. Scale bar in F (50 µm) applies to D–F’.
(D’–F’) Projections of 3D reconstructions of end organs shown above: afferent (black), Merkel
cells (green), heminodes (red half-circles) and nodes (red circles). (E’) A non-converging branch
is marked in gray. Note that this branch is thinner than other myelinated branches.
(G) The highest branching order found in each SAI afferent arbor was independent of the
number of Merkel cells contacted.
(H) Morphometric quantification of reconstructed touch domes innervated by single afferents.
(I) More than 80% of Merkel cells were contacted by neurites and a similar proportion of
terminal neurites contacted Merkel cells (N=15 touch domes from 5 mice in G–I). Red lines
represent median values in H–I.
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To determine how these complexes are arranged within an afferent’s arbor, we quantified
the distribution of Merkel cell-neurite complexes among terminal neurites and heminodes. The
number of terminal neurites emanating from each heminode was broadly distributed
(Figure 2.2A).

Most Merkel cells were arranged individually on terminal neurites (70%,

N=165; Figure 2.2B–C), although chains of three or more Merkel cells along individual neurites
were occasionally observed (Figure 2.2B and D; Ebara et al., 2008). As with terminal neurites,
the number of Merkel cell-neurite complexes per heminode was broadly distributed between
(Figure 2.2E) and within (Figure 2.2F) individual touch domes. To quantify the degree of
structural asymmetry within an arbor, heminodes were ordered by the size of their Merkel-cell
clusters.

For each arbor, a plot of the number of Merkel cell-neurite complexes at each

heminode was fitted with a linear regression, the slope of which captures the skewness of the
cluster distribution (Figure 2.2F; median=2.3 complexes per heminode, interquartile range=1.2–
4.4; R2=0.6–1.0). The degree of skew was not correlated with total number of Merkel cellneurite complexes in the arbor (Figure 2.3). Together, these data indicate that spike initiation
zones within each arbor integrate inputs from a variable number of mechanotransduction sites.
We hypothesized that this asymmetric distribution accounts for features of the SAI afferent’s
physiological output.
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Figure 2.2 Merkel cell-neurite complexes are asymmetrically distributed between heminodes.
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Figure 2.2.

Merkel cell-neurite complexes are asymmetrically distributed between

heminodes.
(A) Distribution of terminal neurites per heminode (N=219 neurites).
(B) Histogram of the number of Merkel cells contacted by each terminal neurite (N=226 Merkel
cells). Red: Gaussian fit (R2=0.99).
(C) Confocal projection of six terminal neurites contacting individual Merkel cells (asterisks).
(D) A projection of a single terminal neurite contacting a chain of four Merkel cells (asterisks).
Arrowheads denote heminodes and scale bar (25 µm) applies to C–D.
(E–F) The distribution of Merkel cell-neurite complexes per heminode from pooled touch-dome
afferents (E; N=51 heminodes from 15 touch domes) and within individual tactile arbors (F). In
F, number of Merkel cells at each heminode from three touch domes are plotted from the largest,
or primary (1°), cluster to the smallest, quaternary (4°), clusters. Representative touch domes
across the skew range are shown and linear regressions are plotted (slopes=-0.6, -2.3 and -4.5,
R2= 0.6, 0.99, 1.0). See also Figure 2 3.
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Figure 2.3 Skew values for each touch dome
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Figure 2.3. Skew values for each touch dome plotted versus the number of Merkel cell
neurite complexes in the arbor. Orange symbols denote the skew values for modeled arbors in
Figure 2.7B, which were chosen to encompass the skew range observed for most SAI arbors.
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Electrophysiological recordings of SAI responses.
Tactile afferents can differ in their touch-evoked response properties, including firing rate
and mechanical sensitivity, which is the steepness of the stimulus-response relation. During
sustained touch, SAI afferents produce a biphasic spike train characterized by high-frequency
firing during stimulus onset (ramp phase) and low-frequency firing with a highly variable
interspike interval (ISI) during sustained displacement (static phase). Touch-evoked firing rates
and mechanical sensitivity vary considerably between individual SAI afferents (Goodwin et al.,
1995; Mountcastle et al., 1966; Wellnitz et al., 2010).
To determine whether the number of Merkel cells in a receptive field can account for
variability in firing properties, we measured SAI responses over a range of displacements
(Figure 2.4A–B). By using a GFP-expressing Merkel-cell reporter strain (Lumpkin et al., 2003),
we visualized the number of Merkel cells within each touch dome, which represents an upper
bound on the number of Merkel cell-neurite complexes in the SAI afferent arbor (N=4 SAI
afferents; Figure. 2.4B–C). We first tested for a relationship between the total number of
Merkel cells the latency of first spikes, a measure that reliably conveys information about
dynamic tactile stimuliJohansson and Birznieks, 2004). We grouped small touch domes (12 and
13 Merkel cells) and large touch domes (20 and 22 Merkel cells) to account for the possibility
that up to 20% of Merkel cells were not innervated (e.g., Figure 2.1I). Suprathreshold stimuli
were analyzed across three ramp accelerations. First spike latencies were significantly shorter in
large touch domes (mean±SEM, 10.9±1.6 ms, N=57) compared with small touch domes
(40.0±14.5 ms, N=60; P=0.027; Student’s t test, one-tailed). These data suggest that having
more Merkel cell-neurite complexes in a touch dome results in a faster response during dynamic
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indentation. We also noted that the variability of first spike latencies was significantly higher in
the small touch dome group (P<0.0001), which suggests that touch domes with fewer
transduction units display less reliable spike timing during dynamic stimulation.
We next analyzed displacement-response relations, which were fitted with singleexponential regressions. The time constant of the exponential fit, k, was used to estimate an
afferent’s mechanical sensitivity and Y0, the y-intercept, to estimate threshold firing rate, (N=4
afferents; Figure 2.4B).

This analysis confirmed that mechanical sensitivity differed

significantly between SAI afferents innervating mouse touch domes (k=2.1–14.2 mm-1;
P<0.0001, Extra sum-of-squares F test); however, this measure did not scale with total Merkelcell number.
SAI afferents have been reported to innervate more than one touch dome in cats and
neonatal mice (Iggo and Muir, 1969; Tapper, 1965; Woodbury and Koerber, 2007). As our 3mm probe tip is large enough to cover several touch domes, it is possible that mechanical
sensitivity scales with the number of touch domes innervated by an individual afferent. To rule
out this possibility, we manually probed the skin’s surface to identify all receptive fields for each
SAI afferent. For computational modeling, we analyzed four afferents whose receptive fields
were limited to single touch domes (Figure 2.4). To determine whether single touch-dome
innervation is typical of SAI afferents in adult mice, we analyzed a larger dataset of SAI afferent
recordings that was not biased for receptive field structure (N=27 afferents). We found that 19
SAI afferents innervated a single touch dome, six innervated two touch domes and two afferents
innervated three touch domes. Thus, the percentage of SAI afferents that innervate multiple
touch domes in the hindlimb of adult mice (30%) is much lower than that reported in cats
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(>60%; Iggo and Muir, 1969; Tapper, 1965) or mouse neonatal back skin (3/4 SAI afferents;
Woodbury and Koerber, 2007).
We considered two additional factors that might contribute to the observed differences in
SAI-afferent sensitivity. First, skin mechanics did not account for these differences because
displacement-force relations were indistinguishable between these recordings (Figure 2.4D). A
second possibility is that a touch dome might be innervated by multiple SAI afferents. In that
case, the number of Merkel cells contacted by each afferent would be lower, resulting in reduced
firing rates and mechanical sensitivities. This scenario is likely to apply to only a minority of
mouse touch domes because >80% of reconstructed touch domes were innervated by a single
myelinated afferent (Figure 2.1); therefore, we sought to identify additional structural features
that might account, in part, for differences in touch-evoked firing. We focused on the grouping
of Merkel cell-neurite complexes to heminodes because this feature varied substantially between
SAI afferents.

42

Figure 2.4 Physiological response properties vary between mouse SAI Afferents
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Figure 2.4. Physiological response properties vary between mouse SAI Afferents.
(A) Extracellular recordings from an SAI afferent stimulated at two displacement magnitudes
demonstrates the biphasic SAI response, which is characterized by high-frequency firing during
the ramp phase, as well as slow adaptation and variable spike timing during the static phase.
(B) Displacement-response relations from individual SAI afferents.

Legend indicates the

number of Merkel cells in each touch dome quantified based on GFP fluorescence. Responses
from receptive fields with large end organs (blue) and small end organs (orange) are shown.
Firing rates during the static phase are plotted (mean±SD, N=3–12 stimuli per displacement
magnitude). Data were fitted with single exponentials to estimate mechanical sensitivity (k) and
threshold firing rate (Y0; R2=0.63–0.99).
(C) Merkel cells (green) from Atoh1/nGFP transgenic mice selectively express GFP. The
receptive field of the SAI afferent in A is shown (dotted line).
(D) Force-displacement relations measured during the recordings shown in B. Skin mechanics
were indistinguishable between these recordings.

Electrophysiological recordings performed by S.A.W., analysis performed by S.A.W. and E.A.L.
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Computational modeling of touch-receptor end organs.
We used predictive computational modeling to test functional consequences of the
asymmetric distribution of mechanotransduction sites in SAI afferents. A major advantage of
this approach is that it affords the ability to analyze the effects of neuronal architecture on
predicted firing patterns by systematically manipulating potential end-organ configurations. Our
models assume that each Merkel cell-neurite complex serves as a mechanotransduction unit
capable of producing receptor currents and that resulting signals sum to initiate spikes at
heminodes.
To represent the afferent’s end organ in the skin, we constructed a novel network model
comprising three modules, as detailed in Experimental Methods (Figure. 2.5A). First, a finite
element model (FEM) of skin mechanics transformed skin displacement into strain energy
density (SED) at the location of mechanotransduction units (Figure 2.5B). Second, a sensory
transduction module transformed SED values into receptor currents (Figure 2.5B). To account
for the biphasic SAI response, the transduction function contained a dynamic component
proportional to the rate of change in SED and a static component proportional to SED. A noise
term accounted for the SAI afferent’s characteristic ISI variability during the static phase of
stimulation (Figure 2.5C). This transduction function predicts an adapting receptor current, I(t),
whose form is consistent with those recorded from a wide range of mechanosensory receptor
cells, including inner-ear hair cells (Eatock et al., 1987, Drosophila bristle neurons Walker et al.,
2000, and somatosensory neurons in vitro Lechner et al., 2009). Third, a neural dynamics
module, consisting of an array of leaky integrate-and-fire (LIF) models that represent spike
initiation zones, summed receptor currents and, at threshold, produced spike times
(Figure 2.5B). A unique feature of this network model is that it allows for reconfigurable
45

transduction functions that represent asymmetrically grouped Merkel cell-neurite complexes at
spike initiation zones.
We first created a model of a reconstructed SAI arbor (Figure 2.1C’) containing four
heminodes with clusters of eight, five, three and one Merkel cell-neurite complexes. The
resulting model had four spike initiation zones with transduction-unit groupings of {8, 5, 3, 1}
(Figures 2.1A and 2.5A). The model’s spike-timing predictions were fitted to a prototypical
mouse SAI response (Figure 2.5C–D). To derive the prototypical SAI response, we performed
regressions of ramp and static-phase responses from four mouse SAI afferents analyzed in
aggregate (Figure 2.6). The model produced spike times that reproduced the dynamics of SAI
responses over a range of stimulus conditions, including different displacement magnitudes and
ramp accelerations (Figure 2.5C–D).

Firing properties that were well-fitted by the model

included a high-frequency response at displacement onset, an adapted firing rate during the static
phase and higher firing rates with increasing displacement magnitude and acceleration
(Figure 2.5D). Static and ramp-phase response profiles were fitted with an R2 of 0.96, as
measured by fractional sum of squares (Figure 2.5D).
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Figure 2.5 Computational modeling recapitulates characteristic features of the SAI response.
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Figure 2.5. Computational modeling recapitulates characteristic features of the SAI response.
(A) The network model configuration for the reconstructed SAI afferent in Fig. 1D’.
(B) Data flow through computational models and example outputs from each module: a finite
element model (FEM) produces strain energy density (SED), transduction functions (Trans <#
merkel cell-neurite complexes>) predict transduction currents (I(t)) and a leaky-integrate and fire
(LIF) array produces spike times.
(C) Model’s predicted spike-timing variability, assessed by the distribution of normalized ISIs
during static-phase responses (black bars: N=1,591 intervals), corresponded to the skewed
Gaussian distribution previously reported (orange bars: N=3,348 intervals from 11 afferents;
Wellnitz et al., 2010). Each ISI was normalized to the mean interval for its stimulus.
(D) Simulated firing rates (black symbols) from the model configuration in A were fitted to
linear regressions of ramp-phase (blue dotted line: ramp acceleration=20 mm·s-2, pink dotted
line: ramp acceleration=1143 mm·s-2) and static (orange dotted line) responses pooled from the
SAI afferents shown in Fig. 3B. Goodness of fit=0.96 (fractional sum of squares).
(E) Displacement-response relations from models configured with different primary cluster
sizes. All configurations had 17 total transduction units and four spike initiation zones. Mean
firing rates during the static phase of displacement are plotted (mean±SD, N=15 simulations per
displacement).

Displacement-response curves were compared by fitting with exponential

regressions (R2≥0.99). Increasing or decreasing primary cluster size by two transduction units
significantly changed the best fits (8 versus 10: P=0.004; 6 versus 8: P=0.017, extra sum-ofsquares F test). Legend indicates the distribution of transduction units at spike initiation zones.
Electrophysiology performed by S.A.W.
Modeling and computational simulations performed by D.R.L. and G.J.G.
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Figure 2.6 Linear regression analysis of pooled SAI responses
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Figure 2.6. Linear regression analysis of pooled responses from the four SAI afferents in
Fig. 3B (denoted by symbols; N=3–12 stimuli per displacement magnitude). Displacements
were ramped into the skin at three accelerations, which were analyzed separately (purple: 1143
mm·s-2; black: 81 mm·s-2; cyan: 20 mm·s-2).

Static firing rates (orange) were pooled for

regression analysis as they did not differ significantly between ramp accelerations.
regressions were used for model fitting.

Electrophysiology performed by S.A.W.
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These

Computational simulations predict that arbor architecture can account for differences in
mechanical coding between SAI afferents.
We next took advantage of the reconfigurable computational model to test the hypothesis
that the relative distribution of transduction units at spike initiation zones influences touchevoked firing. We compared predicted mean firing rates during sustained displacement for
different end-organ configurations with 17 Merkel cells (Figure 2.5E).

From the initial

configuration of {8, 5, 3, 1}, we found that moving only two transduction units, to yield
grouping strategies of {10, 5, 1, 1} or {6, 5, 3, 3}, was sufficient to significantly alter the shape
of simulated displacement-response relations.

Increasing the primary cluster to 10 units

increased firing rates for suprathreshold stimuli by 20%. Conversely, moving two transduction
units from the largest group to the smallest decreased predicted firing rates for supra-threshold
displacements by 25%.
Similar results were observed for three additional modeled arbors configured to represent
the range of anatomical features observed in reconstructions (Table 2.1). These models differed
in their numbers of spike initiation zones (3–5) and transduction units (13–20). Simulated firing
rates were also enhanced, though to a lesser extent, when largest clusters were held constant and
secondary clusters were increased (Table 2.1). On average, firing rates increased 7.2% per
transduction unit added to a primary cluster and 2.8% per transduction unit added to a secondary
cluster. Collectively, these models predict that touch-evoked firing is increased when Merkel
cell-neurite complexes are arranged in a skewed distribution among heminodes.
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Model

Merkel-cell

Grouping

Grouping

arbor #

number

1

2

∆Primary ∆Secondary

1

17

{6, 5, 3, 3}

{10, 5, 1, 1}

4

–

39%

1

17

{8, 3, 3, 3}

{8, 7, 1, 1}

–

4

15%

2

20

{6, 6, 4, 2, 2}

{9, 6, 3, 1, 1}

3

–

18%

2

20

{7, 4, 4, 3, 2}

{7, 7, 4, 1, 1}

–

3

9%

3

13

{4, 4, 3, 2}

{6, 4, 2, 1}

2

–

12%

3

13

{5, 3, 3, 2}

{5, 5, 2, 1}

–

2

4%

4

13

{5, 4, 4}

{7, 4, 2}

2

–

14%

4

13

{6, 4, 3}

{6, 6, 1}

–

2

5%

group

group

Table 2.1 Effects of primary and secondary cluster size on firing rate
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% Firing
Rate ∆

Table 2.1. Effects of primary and secondary cluster size on firing rate. Four model arbors
that represent the range of features observed in end-organ reconstructions were tested for
changes in firing after adding transduction units to primary or secondary clusters.
© Daine Lesniak 2013. Used with permission.

Modeling and computational simulations performed by D.R.L. and G.J.G.
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Although these studies predict that the arrangement of transduction units can partially set
the coding properties of tactile afferents, we reasoned that the number of transduction units
should also impact firing rate, since activating additional units will more readily bring the
membrane potential to spike threshold. The interaction of these two parameters was examined by
systematically adding transduction units to four prototypical models to increase end-organ size.
For each arbor, two strategies were used to ‘fill up’ clusters until they equaled the size of the
primary cluster. In a first set of simulations, transduction units were progressively added to
secondary clusters. Alternatively, transduction units were added to smallest clusters
(Figure 2.7A). Comparison revealed that the first strategy, which skewed the distribution of
transduction units, boosted firing rates more than equalizing the distribution with the second
strategy (Figure 2.7A). For example, increasing transduction units from 17 to 24 augmented
responses on average by 39% when they were added to secondary clusters but only by 21% on
average when they were more evenly distributed (Figure 2.7A, Arbor 1).

This effect was

consistently observed across prototypical models (Figure 2.7A, Arbors 2–4).

Thus, our

simulations predict both the number of transduction units and their arrangement within the arbor
can regulate SAI afferent firing properties.
Finally, we asked whether a small arbor with few transduction units can display a
heightened mechanical sensitivity compared with a large arbor, as we observed in
electrophysiological recordings (Figure 2.4B). Two arbor configurations were computationally
compared (Figure 2.7B). The first had 12 transduction units asymmetrically grouped at three
spike initiation zones (skew=4.5, {10,1,1}).

The second had 20 transduction units evenly

distributed among five spike initiation zones (skew=0; {4,4,4,4,4}). This comparison revealed
that, despite having 40% fewer transduction units, the skewed grouping strategy produced a
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significantly higher mechanical sensitivity than the evenly distributed end organ (k=7.7 and 5.0,
respectively, P=0.005; Figure 2.7B).

This was not simply due to increased firing rates for

suprathreshold stimuli, as firing rates at threshold were significantly lower for the small end
organ compared with the large one (Y0=1.48 and 2.92 Hz, respectively; P=0.016). Thus, these
simulations demonstrate that a tactile afferent with fewer transduction units can achieve high
touch sensitivity by unevenly grouping transduction units to action potential initiation sites.
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Figure 2.7 The arrangement of mechanosensory transduction units modulates SAI-afferent
firing
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Figure 2.7.

A survey of computational parameter space predicts that the number and

arrangement of mechanosensory transduction units modulates SAI-afferent firing properties.
(A) Two strategies for adding transduction units to an SAI-afferent arbor were tested in four
independent model end organs (Arbors 1–4). Arbor configurations differed in number of spike
initiation zones (3–5) and initial end-organ sizes (13–20).

Transduction units were added

progressively to either secondary (solid lines) or smallest clusters (dashed lines).

Orange

symbols highlight examples from the two strategies after adding multiple transduction units.
Example cluster arrangements are indicated in brackets. Clusters changed from the initial
configuration are indicated in orange font. The percent change in firing rate from baseline
configuration is plotted.
(B) Comparison of displacement-response relations (mean±SD, N=15 stimuli per displacement
magnitude) for two model configurations indicated in brackets: a skewed distribution of 12
transduction units among three spike initiation zones (gray) and an equal distribution of 20
transduction units among five spike initiation zones (black). Simulation results were fitted with
single exponential equations (R2≥0.99). The mechanical sensitivity of the small end organ was
predicted to be significantly greater than that of the large end organ (k=7.7 and 5.0, respectively,
P=0.005, extra sum-of-squares F test).
Adapted from figure © Daine Lesniak 2013. Used with permission.
Modeling and computational simulations performed by D.R.L. and G.J.G.
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DISCUSSION
In nervous systems ranging from C. elegans to mammals, touch receptors display a rich
array of specialized end organs that correlate with distinct physiological functions; however,
little is known about how specific architectural features govern neuronal firing patterns (Chalfie,
2009). In this study, we combined neuroanatomical and electrophysiological quantitation with
computational modeling to identify structural features of a mammalian touch receptor that have
the potential to impact neuronal firing. Our morphometric analysis extends previous studies that
visualized arbors of neonatal SAI afferents by tracer iontophoresis (Woodbury and Koerber,
2007) and surveyed cutaneous afferents in mouse hairy skin by sparse genetic labeling (Li et al.,
2011; Wu et al., 2012). To our knowledge, this study is the first to construct computational
models of mammalian tactile afferents that are constrained with structural parameters quantified
from intact tactile end organs. Computational results predict that asymmetric clustering of
transduction sites at spike initiation zones regulates mechanosensory coding in a branched tactile
afferent. These results generate testable hypotheses and highlight the integral role of peripheral
neuronal structure in somatosensory signaling.

Structural and Molecular Analysis of SAI afferents
Morphometric analysis of SAI afferents revealed multiple heminodes, the anatomical
correlates of spike initiation zones in myelinated tactile afferents (Loewenstein and Rathkamp,
1958). Our results are the first to localize NaV1.6 in tactile end organs, which extends previous
reports that identified this isoform in unmyelinated nociceptors and as the principal sodium
channel at central and peripheral nodes (Black et al., 2002; Caldwell et al., 2000). The
observation that NaV1.6 localizes to almost all heminodes and nodes within an end organ
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suggests that this ion channel plays an important role in spike initiation and integration in tactile
afferents; however, other NaV isoforms might also be found at these sensory endings. SAI
afferents display unusually high instantaneous firing frequencies exceeding 1000 Hz (Iggo and
Muir, 1969). Thus, it is notable that NaV1.6 confers rapid sodium channel kinetics and mediates
resurgent currents, which facilitate high-frequency firing, in DRG neurons (Cummins et al.,
2005; Herzog et al., 2003).
Our results also reveal how epidermal Merkel cells are incorporated into tactile arbors.
Although most terminal neurites innervate single Merkel cells, the Gaussian distribution of these
connections suggests that they are formed through probabilistic rather than deterministic
mechanisms. Interestingly, touch-dome afferents display exuberant terminal branching in Atoh1
knockout mice, which lack Merkel cells (Maricich et al., 2009). These findings suggest that
targeting and maintenance of touch-dome innervation is independent of Merkel cell-derived
signals. Instead, we propose that Merkel-cell contacts are required for appropriate sprouting
and/or pruning of touch-dome arbors. Additional studies are needed to determine whether
neurites induce Merkel-cell differentation or whether Merkel cell-derived signals establish stable
neuronal connections.

Computational modeling of intact tactile end organs
Although neural dynamics and skin mechanics are tied together in vivo, tactile afferent
neural dynamics and skin mechanics models have largely been used in isolation. Thus, the
models presented here are the first to computationally represent the sequence of key events in
tactile encoding: the conversion of touch at the skin’s surface to mechanical distortion at tactile
receptors, mechanoelectrical transduction and spike initiation at heminodes. This representation
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was achieved by combining three model sub-components, each of which extends previous efforts
to model tactile responses.
Previous studies have taken one of three general modeling approaches. First, empirical
models such as those of Goodwin and Wheat use simple regression functions to abstract away
the roles of skin and mechanoreceptors. These models focus on the role of noise and receptor
co-variance in predicting population responses that align with psychophysical studies (Goodwin
and Wheat, 1999, 2002). Second, skin mechanics models use finite elements and continuum
mechanics to represent how surface forces propagate to tactile end organs but abstract away
neural dynamics by using scaling functions to predict firing rates. A limitation is that these
models only predict firing rates for steady-state stimuli as opposed to spike times. Finally,
neural dynamics models convert receptor currents to spike timing but disregard the skin’s role in
shaping end-organ output. For vibratory stimuli delivered with a skin-attached probe, this
simplification is reasonable as the skin’s role is minimal when it follows probe movement
closely. By contrast, viscoelastic skin relaxation occurs during sustained touch stimuli, such as
those encoded by SAI afferents (Cohen et al., 1999).
In this study, we modeled skin mechanics using hyper and visco-elastic material models
with parameters fitted to values from mammalian tissues. Material models were validated
against force-displacement data measured during ex vivo skin-nerve recordings and extend a
previous study that used a linear elastic model (Lesniak and Gerling, 2009). Although parameter
values were chosen within reasonable ranges for mouse skin, future models could be refined by
employing recent compressive measurements of mouse skin (Wang et al., 2013a; Wang et al.,
2013b). It is also possible that the material properties of the touch dome itself differ from
surrounding epidermis.
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In addition to combining skin and neuron models, the network model presented here
extends previous neural dynamics models.

Prior models have employed rate-sensitive

transduction functions and LIF functions to make spike timing predictions by calculating SAI
membrane potential as a function of vibration frequency and magnitude (Freeman and Johnson,
1982a, b; Sung Soo et al., 2009). Previous neural dynamics models have not accounted for endorgan size, neuronal branching or multiple sites of spike initiation. Here, we utilized multiple,
resettable LIF models in conjunction with transduction functions parameterized by the number of
Merkel cell-neurite complexes.

We introduced noise at the level of current within the

transduction functions. Another approach to recreate the SAI afferent’s irregular interspike
intervals could be to introduce probabilistic firing and adaptive thresholds at spike initiation
zones, similar to that done for vibratory stimuli (Jahangiri and Gerling, 2011). By employing an
array of spike initiation zones, our model allows zone resetting upon action potential firing,
consistent with that observed for SAI afferents and other myelinated somatosensory afferents
(Adrian and Zotterman, 1926a; Horch et al., 1974).

End-organ Asymmetry and the Driver Effect
Although Merkel cells make one-to-one connections with neurites, we found that these
complexes were asymmetrically distributed between heminodes. We observed that primary
clusters of Merkel cell-neurite complexes, converging on a single heminode, sometimes
contained ≥50% of Merkel cells in the entire arbor. In computational simulations, changing the
primary cluster size by as few as two Merkel cell-neurite complexes significantly altered afferent
firing. In this study, anatomical reconstructions were performed on freshly excised tissue to
ensure that tissue morphology was well-preserved for quantitative morphometry.

Thus,

anatomical reconstructions and ex vivo electrophysiological recordings for model fitting were
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performed on different SAI afferents. Future studies to record and reconstruct individual sensory
afferents are needed to directly test the model’s predictions. Nonetheless, our findings provide
an anatomical correlate and a plausible biological mechanism to explain the driver effect
observed in branched sensory afferents (Fukami, 1980; Horch et al., 1974; Lindblom and Tapper,
1966).
Theoretically, the most sensitive receptor configuration consists of a single cluster of
transduction sites connected to a single heminode, as found in invertebrate stretch receptors
(Edwards and Ottoson, 1958). What is the biological advantage of distributing transduction
complexes among multiple heminodes, as we observed for SAI afferents? First, given that the
skin is our body’s protective covering, this arrangement could serve as a safety feature by
increasing robustness to injury. Second, for cutaneous afferents with large receptive fields,
multiple spike initiation zones ensure high-fidelity signal propagation from branches located
millimeters apart (Li et al., 2011; Wu et al., 2012). For example, an SAI afferent can innervate
2–5 touch domes, each spaced ~0.7 mm apart (Iggo and Muir, 1969; Li et al., 2011; Tapper,
1965; Wellnitz et al., 2010; Woodbury and Koerber, 2007). We also noted that heminodes were
located within 19–41 µm of lanceolate endings innervating hair follicles (N=7 end organs). As
individual rapidly adapting afferents can innervate tens to hundreds of hair follicles (Li et al.,
2011; Wu et al., 2012), this observation suggests that spike initiation zones in close proximity to
end organs is a general feature of myelinated tactile afferents. Third, distinct clusters might
extend the receptor’s range of sensory coding (Eagles and Purple, 1974). For example, individual
muscle-spindle afferents are proposed to encode both dynamic and static stimuli by innervating
distinct structures called bag and chain fibers (Banks et al., 1997; Quick et al., 1980). Although
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our models assume equivalent transduction units, it is possible that populations of Merkel cellneurite complexes are likewise tuned to different stimulus features.
Our reconstructions suggest that some touch domes might be innervated by multiple
sensory afferents, and this likely contributes to the wide range in firing properties observed for
SAI afferents. SAI afferents with overlapping receptive fields have been described in rat touch
domes located at dermatome borders (Casserly et al., 1994; Yasargil et al., 1988). Moreover,
human touch domes are proposed to be innervated by distinct types of sensory afferents
(Reinisch and Tschachler, 2005). In two touch domes, we observed both a typical SAI afferent
and a thinly myelinated, unbranched afferent that contacted Merkel cells. We speculate that these
are Ad afferents based on their thin myelin sheaths and axonal diameters. The development of
selective molecular markers is needed to understand how signals from distinct touch-dome
neurons are integrated in the central nervous system.
In monkey and human fingerpads, SAI afferents have non-uniform receptive fields with
multiple hot spots that display higher firing rates than surrounding areas (Phillips et al., 1992;
Vallbo et al., 1995). These hot spots can explain why the resolution of primate SAI afferents is
smaller than their receptive field sizes (Phillips et al., 1992).

Johnson and colleagues

hypothesized that hot spots correlate with the locations of individual Merkel cell-neurite
complexes; however, we propose that the structural basis of a receptive-field hot spot is a cluster
of Merkel cell-neurite complexes at a heminode. Their observations of 3–5 hot spots per
receptive field in primates (Phillips et al., 1992) coincides well with our finding of 2–6
heminodes per touch-dome SAI afferent. As SAI-afferent receptive field sizes and skin structure
differ markedly between primate plantar skin and mouse touch domes, our data suggest an
organizing principle for SAI-afferent end organs that generalizes across species and skin sites.
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Potential consequences of fiber-to-fiber variability among SAI afferents
Individual SAI afferents are capable of representing shapes, edges and curvature with
high fidelity (Johnson and Hsiao, 1992; Johnson and Lamb, 1981; Phillips and Johnson, 1981).
Nonetheless, tactile qualities are conveyed to the central nervous system by an array of afferents
distributed across the skin. To faithfully encode spatial features at the population level, one
would expect SAI afferents to display uniform firing properties. Instead, touch-evoked firing
rates, first spike latencies and mechanical sensitivity varied widely between SAI afferents in
mouse touch domes, which corroborates previous reports of SAI afferent-to-afferent variability
in monkey and human fingerpads (Goodwin et al., 1995; Goodwin et al., 1997; Goodwin and
Wheat, 1999; Phillips and Johnson, 1981). Thus, this variability is likely to be a general feature
of mammalian SAI afferents.
How might the central nervous system cope with this large variation in firing properties
among a single class of tactile afferents? Simulated population responses predict that such
differences will distort the representation of an object’s spatial features (Goodwin and Wheat,
1999). It is possible that the central nervous system introduces a scaling factor to compensate for
this peripheral distortion (Goodwin et al., 1995; Goodwin and Wheat, 1999). Alternatively, the
nervous system could take advantage of this variability to efficiently transfer information. For
example, having a variety of SAI-afferent sensitivities might extend the dynamic range of the
SAI-population response to sustained pressure. Moreover, since some SAI afferents innervate
two or more touch domes, it is possible that variations in end-organ structure confer different
firing properties to individual touch domes (Lindblom and Tapper, 1966). A moving stimulus
will sequentially activate such receptive fields. In that case, one could envisage that distinct
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firing patterns arising from these receptive fields could provide a mechanism for tracking
movement at the single-afferent level.
We propose that variability in SAI end-organ structure observed in this study is the
outcome of homeostatic mechanisms engaged during normal skin remodeling. Merkel cells
renew within touch domes and whisker follicles (Doucet et al., 2013; Van Keymeulen et al.,
2009; Woo et al., 2010). Moreover, hair-growth cycles are accompanied by innervation changes
(Peters et al., 2001; Shimomura and Christiano, 2010). We speculate that SAI-afferent arbors
with their Merkel-cell complements are likewise dynamic throughout adulthood.

Our

simulations predict that altering the number or arrangement of Merkel cells changes touchevoked firing.

Thus, our findings raise the possibility that the nervous system employs

homeostatic mechanisms to achieve reliable touch-receptor signaling. This work sets the stage to
identify molecular mechanisms that cutaneous afferents use to maintain signaling fidelity during
normal tissue remodeling and in the context of repair.
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EXPERIMENTAL METHODS
Animals
Animal use was conducted according to guidelines from the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals and was approved by the Institutional
Animal Care and Use Committees of Baylor College of Medicine and Columbia University
Medical Center.

Immunostaining and microscopy
Skin was depilated (Surgi-cream) and dissected from the proximal hind limb of female
Atoh1/nGFP transgenic mice (8–10 weeks of age). This location was chosen to match the site of
electrophysiological recordings in ex vivo skin-saphenous nerve preparations. Tissue was fixed
in 4% paraformaldehyde (PFA) or, for staining with NaV1.6 antibodies, in 2% PFA in a sodiumacetate buffer (pH 6). For section staining, skin was cryopreserved in 30% sucrose, frozen and
cryosectioned at 25 µm. Sections were incubated overnight at room temperature in primary
antibodies: rat anti-K8 (Developmental Studies Hybridoma Bank; TROMA-I), chicken anti-NFH
(Millipore; AB5539), rabbit anti-MBP (Abcam; ab40390) and rabbit anti-NaV1.6 (from M.N.R.).
The specificity of NaV1.6 antibodies was previously validated as described (Rasband et al., 2003)
and control experiments lacking primary antibody demonstrated the specificity of
immunoreactive puncta at nodes. Secondary goat AlexaFluor-conjugated antibodies (Invitrogen)
directed against rat (Alexafluor 594; A11007), chicken (Alexafluor 647; A21449) or rabbit
(Alexafluor 488; A11008) IgG were incubated for 1 h at room temperature.

Whole-mount

immunostaining was performed as reported (Li et al., 2011) with antibodies listed above. Tissue
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was incubated at room temperature with primary antibodies for 72–96 h and secondary
antibodies for 48 h. Tissue was imaged on a Zeiss Exciter confocal microscope with 20X, 0.8
NA or 40X, 1.3 NA objective lenses.

3D reconstructions
Confocal image stacks were imported into Neurolucida (MBF Bioscience) and traced in three
dimensions.

Images were prepared for publication in ImageJ (Schneider et al., 2012) or

Photoshop (Adobe). Two independent observers quantified heminodes, nodes, branches and
Merkel cell-neurite complexes by stepping though optical sections in each reconstruction.

Electrophysiology
Single-unit SAI afferent recordings from mouse ex vivo skin-saphenous nerve preparations were
performed as previously described (Wellnitz et al., 2010). Recordings were made from adult
Atoh1/nGFP transgenic mice to visualize Merkel cells within the intact skin. Mechanical stimuli
were delivered via a ceramic cylindrical probe (3-mm tip diameter) mounted on a displacementcontrolled indenter. Stimuli were 5-s displacements ranging from 0.01 to 0.36 mm and applied
in a randomized order. The skin’s reactive force was monitored with a load cell mounted on the
indenter. Ramp-phase firing rates were calculated by dividing the number of spikes during the
ramp phase by the ramp duration (i.e., the time period from probe contact with skin to final
displacement). This calculation differs from a previous study that analyzed dynamic firing
during the first 200 ms of stimulation, including the ramp phase and the period of rapid
adaptation (Wellnitz et al., 2010). Static firing rate was defined as the number spikes per second
calculated during a 2.5-s window after the stimulus probe had reached its commanded depth.
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This time window excludes the period of rapid adaption that follows the dynamic phase of the
SAI response.

Computational Modeling
Skin mechanics. The skin was represented with a hyperelastic (Mooney-Rivlin) and
viscoelastic (Prony Series) finite element model. A two dimensional axisymmetric mesh
represented the epidermis (17-µm thick), dermis (224-µm thick), subcutaneous tissue (101-µm
thick) and the elastic substrate under the skin in the electrophysiology recording chamber to
accurately represent experimental conditions. ABAQUS Standard (ver. 6.6) was used to create
the model’s geometry and mesh and was used for the FE analysis. The mesh contained 11200
elements and utilized four-node, bilinear quadrilateral hybrid with constant pressure elements
(ABAQUS type CAX4H). Boundary conditions were imposed such that nodes along the bottom
of the substrate were constrained in the X and Y directions. FEM parameters were chosen from
within bounds reported for mammalian tissues to generate displacement-force curves in close
agreement with those observed in ex-vivo skin-nerve preparations. The resulting parameters were
C10 = 14847 and C01 = 41410 for the Mooney-Rivlin skin model, and E = 906098 for the linearelastic substrate. Prony parameters were g1 = 0.391, τ1 = 0.25, g2 = 0.226, and τ2 = 9.371. These
parameters governed the model’s transformation of indentation into SED, a measure of tissue
distortion that correlates with the intensity of the SAI afferent response (Dandekar et al., 2003).
SED was sampled from two elements approximating the volume and location of the SAI-afferent
end organ, which was located beneath the cylindrical probe that contacted the model’s surface.
This probe was represented as a rigid analytic surface with a friction coefficient of 0.3 between
the probe tip and skin. Due to the large diameter of the cylindrical probe (3 mm) relative to
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mouse touch domes (~0.1 mm), SED magnitude was assumed to be uniform across all Merkel
cell-neurite complexes in the end organ.
Transduction functions. SED served as input to transduction functions representing
clusters of Merkel cell-neurite complexes. Each transduction function is represented by equation
1, where I is current, 𝜀 is SED, 𝛽 is an offset, M is the number of Merkel cell-neurite complexes
in the cluster, and 𝛼 and 𝜆 are gains for SED and the first derivative of SED, respectively. SED
was converted to current with a sampling frequency of 1000 Hz for the model. The deterministic
current was modified with the addition of a sample from the noise distribution, ω. This noise
distribution was a 7-point moving average of Gaussian noise with a mean of zero and a standard
deviation set to reproduce variable inter-spike intervals characteristic of mouse SAI afferents
(Wellnitz et al., 2010). Gaussian deviates were obtained using the Box-Muller method.

𝐼 𝑡 = 𝛽 + 𝑀(𝛼𝜀 𝑡 + 𝜆

,,.

) + 𝜔(𝑡)

(1)

Leaky integrate-and-fire models. Currents originating from transduction functions were
input into an array of leaky integrate-and-fire models representing spike initiation zones. Neural
dynamics were abstracted to a single differential equation (equation 2), where R is resistance, C
is capacitance, u(t) is membrane potential, and I(t) is current. In myelinated sensory afferents, a
spike generated at one spike initiation zone antidromically invades the other spike initiation
zones, resetting them and initiating an absolute refractory period (Fukami, 1980; Horch et al.,
1974; Lindblom and Tapper, 1966; Peng et al., 1999). Thus, when a spike was generated by a
given leaky integrate and fire model, that spike reset all other leaky integrate-and-fire models in
the simulated end organ. When current drove the membrane potential to the spike initiation
threshold, v , a spike time was recorded and a 1-ms absolute refractory period was initiated.
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Numeric evaluation of the leaky integrate-and-fire equation was performed with the fourth order
Runge-Kutta method.

𝑅𝐶

,3
,.

= −𝑢 𝑡 + 𝑅𝐼(𝑡)

(2)

Note that computational models ignore the neurite lengths between Merkel cell-neurite
complexes, spike initiation zones and branch point nodes. Calculations of current dynamics in
neurites and myelinated branches justify this exclusion if three criteria are met: 1) neurites are
electrotonically compact enough to efficiently spread receptor current to heminodes, 2) current
spread from transduction units to spike initiation zones is faster than the inactivation time course
of sodium channels, and 3) action potential spread through myelinated branches to the node
where all branches converge is faster than the refractory period at nodes.

Based on our

morphometric data, these criteria are met.
First, the mean path length from neurite tips to heminodes is 33.7 µm (N=32 neurites
from three touch domes). Using published values for Rm and Ri (15,000 Ω·cm2, 125 Ω·cm;
Baranauskas et al., 2013) and estimated neurite diameters of 1 µm obtained from whole-mount
imaging, the calculated length constant for these neurites is 548 µm, which exceeds neurite path
lengths by an order of magnitude. Thus, we conclude that electrotonic spread in these neurites is
likely to be efficient and no cable models are needed to predict the dynamics of receptor current
in the neurites.
Second, based on conduction velocity values of unmyelinated fibers with similar
diameters, we estimate conduction velocity in neurites to be 0.7 m/s (Cain et al., 2001). Current
spread from the shortest path measured (14.3 µm) is estimated to be 0.02 ms, and from the
longest (64.2 µm), 0.15 ms. Although these times vary by an order of magnitude, they are at
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least one order of magnitude lower than the inactivation duration of sodium channels (Engel and
Jonas, 2005).
Third, we estimate a conduction velocity of 13 m/s in myelinated branches based on
previous recordings from mouse SAI afferents (Wellnitz et al., 2010). To determine whether
myelinated branches in the end-organ are thinner than branches in nerve trunks and consequently
have lower conduction velocities, we measured diameters at different orders of branching in the
end-organ. Branch thicknesses were not significantly different in the nerve trunk, primary and
secondary branches of SAI afferents (N=3 touch domes, ≥4 measurements per branch order).
Based on these estimates, travel times along branches to the node where they converge for the
longest (245.4 µm) and shortest (122.2 µm) paths are calculated to be 0.019 and 0.009 ms,
respectively. These times are at least two orders of magnitude shorter than the estimated
refractory period of 1 ms, and can be abstracted away in our model because differences in travel
time are not sufficient to induce delays or competitive interactions at nodes of Ranvier.

Model Fitting
Fitting each end-organ model to the mean SAI afferent response involved three free
parameters in the transduction function: 𝛽, 𝛼 and 𝜆 . These were selected with gradient free
response surface methodology using Latin hyper-cube space filling designs, where each design
was composed of 20 trial points (sampled using the LHS package in R). The start point was
informed by a domain search utilizing 50 points in a space filling design. Skin-mechanics models
were fitted as described above, and the leaky integrate-and-fire parameters were fixed at values
of 5 ms, 1x10-8 mF, and 30 mV for 𝑡, C , and v , respectively.
Each end-organ model configuration was fitted to a prototypical mouse SAI response.
The prototypical SAI response was derived from linear regressions of ramp-phase and static71

phase firing rates recorded from mouse SAI afferents as described above (N=4 units). Fits
maximized the combined goodness of fit, measured as fractional sum of squares (equation 3),
between biological data and the model’s simulated firing rates. This combined goodness of fit
has a value of 2 for a model that perfectly matches the biological response profile. For stimulus
i, hfri and hfri represents the biologically observed and simulated static (hold) firing rate,
respectively, and rfri and rfri are the biologically observed and simulated dynamic (ramp) firing
rate, respectively. The index i spanned from 1 to 75 to include five displacement depths and three
accelerations giving 15 unique stimulations, each of which was simulated five times for a given
set of model parameters.
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After fitting, 𝛽 took the value of 5.643x10-8, 5.648x10-8, 5.669x10-8, and 5.672x10-8 mA
for model configurations of {8, 5, 3, 1}, {7, 6, 4, 2, 1}, {6, 4, 3}, and {5, 4, 3, 1}, respectively.
Values for 𝛼 were 2.539x10-14, 2.386x10-14, 2.612x10-14, and 2.641x10-14 mA/Pa for {8, 5, 3,
1}, {7, 6, 4, 2, 1}, {6, 4, 3}, and {5, 4, 3, 1}. Finally, 𝜆 values were 5.833x10-11, 4.994x10-11,
6.211x10-11, and 6.491x10-11 mA·ms/Pa. These values were used for the first two computational
experiments (Figs. 2.5E and 2.7A), where results were generated for each prototypical end
organ. By contrast, model parameters for the two-end organ configurations in the third
computational experiment (Figure 2.7B) were set as 𝛽, = 5.658 x10-8 mA, 𝛼 = 2.545 x10-14
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mA/Pa, and 𝜆 = 5.882 x10-11 mA·ms/Pa, which represent the averages of all previous
configuration parameters.
To compare firing rates of configurations in Figure 2.7A and Table 2.1, the change in
firing rate was defined as the difference in summed firing rates across all stimulations divided by
the lowest summed firing rate of the two configurations. This is described by equation 4, where

frai and frbi are firing rates generated by the two configurations for stimulation i.
75
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Statistics
Statistical analyses were performed in Prism 5 (Graphpad). Data were fitted either with
linear regressions or single exponentials as indicated. Significant differences between best-fit
curves were assessed by comparing k and Y0 of the exponential fits with extra sum-of-squares F
tests. The distribution of Merkel cells to terminal neurites was fitted with a Gaussian distribution
(R2>0.99).
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SUMMARY
Sensory tissues exposed to the environment, such as skin, olfactory epithelia and taste
buds, continuously renew; therefore, peripheral neurons must have mechanisms to maintain
appropriate innervation patterns. Although somatosensory neurons regenerate after injury, little
is known about how these neurons cope with normal target-organ changes.

To elucidate

plasticity of neurons in healthy skin, we analyzed the structure of Merkel-cell afferents, which
are gentle touch receptors, during hair-follicle regeneration in mice. Hair growth results in
dramatic molecular and structural changes in skin. Surprisingly, the number of mature Merkel
cells was reduced by 90% and their axonal arbors were stunted during active hair growth. These
structures rebounded to pre-growth levels within just days. Electrophysiology and behavior
revealed that tactile responsiveness was less reliable during active growth than in resting skin.
These results reveal that somatosensory neurons display rapid structural plasticity at the cost of
impairment in the reliability of encoding gentle touch.
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INTRODUCTION
Sensory stimuli are encoded by the peripheral nervous system, which displays a
remarkable ability to regenerate after insult or injury (Chen et al., 2007). The structural plasticity
of somatosensory neurons has been extensively studied in the context of injury and disease;
however, little is known about the plasticity of these neurons in healthy tissue (Cheng et al.,
2010; Hsieh et al., 2000; Rajan et al., 2003; Verdu and Navarro, 1997). Peripheral components
of other sensory systems, such as the olfactory neuroepithelium and taste buds, renew in the
absence of injury (Hamamichi et al., 2006; Leung et al., 2007; Miura and Barlow, 2010; Mizrahi
et al., 2006). Such renewal is proposed to play a role in maintenance and sensory optimization
(Feng et al., 2014; Mouret et al., 2009). In skin, tactile afferents innervate discrete sensory
structures such as touch domes or hair follicles, which regenerate cyclically throughout the
lifetime of an animal (Plikus and Chuong, 2008; Schneider et al., 2009). Thus, hair-growth
provides an excellent context to study how mammalian somatosensory afferents respond to
normal target-organ remodeling.
In mice, hair growth is synchronized among neighboring follicles, which results in
periods of massive cellular turnover and changes in skin structure. During the growth phase,
follicles nearly triple in length and dermal thickness increases (Muller-Rover et al., 2001; Wang
et al., 2013a). Previous studies have demonstrated that cutaneous innervation density increases
during hair growth (Botchkarev et al., 1997; Peters et al., 2001). Similarly, Merkel cells, which
are epidermal components of discriminative touch receptors, have been reported to be more
abundant during hair growth (Moll et al., 1996; Nakafusa et al., 2006). These studies suggest
that cutaneous neurons and mechanosensory Merkel cells engage plasticity mechanisms during
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hair-follicle regeneration; however, the dynamics and physiological consequences of neuronal
plasticity in touch receptors are unknown.
To address these questions, we analyzed the structure and function of Merkel-cell
afferents over the mouse hair cycle. Epidermal Merkel cells and their afferents collaborate to
produce the slowly adapting type I (SAI) response, which encodes sustained pressure and object
features (Johnson et al., 2000; Maksimovic et al., 2014; Woo et al., 2014). Here we report that
Merkel-cell afferents undergo rapid remodeling in the context of healthy skin renewal and that
this plasticity is accompanied by transient impairment in electrophysiological and behavioral
responses to gentle touch stimuli.
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RESULTS
The hair cycle stimulates touch-receptor remodeling
To assess neuronal plasticity in healthy skin, we analyzed peripheral end organs of
Merkel-cell afferents in the mouse hindlimb throughout complete hair cycles, which are
governed by molecular crosstalk between follicle stem cells and neighboring cells (Alonso and
Fuchs, 2006; Jahoda and Christiano, 2011; Plikus and Chuong, 2008). The hair cycle comprises
three stages: anagen, the follicle growth phase; telogen, a resting phase when stem cells are
quiescent; anagen, the growth phase when follicles nearly triple in length; and catagen, a
regression phase (Fuchs, 2009; Schneider et al., 2009). In pigmented mice, skin color darkens
during anagen, which facilitates hair-cycle staging (Figure 3.1A; Muller-Rover et al., 2001).
Whole-mount immunohistochemistry was used to visualize touch-receptor endings in
their entirety. Skin specimens were stained for markers of mature Merkel cells (Keratin 8; K8;
Kim and Holbrook, 1995; Moll and Moll, 1992), myelinated afferents (Neurofilament H; NFH;)
and myelin (myelin basic protein; MBP, Lesniak et al., 2014). Structural parameters of the
Merkel-cell afferents’ peripheral endings were quantified throughout the hair cycle (Lesniak et
al., 2014).
Merkel-cell afferents were identified based on their characteristic morphology and
localization to touch domes, which are the principal sites of Merkel cells in hairy skin (Iggo and
Muir, 1969). In rodents, touch domes are adjacent to guard (tylotrich) hairs, which represent
≤2% of coat follicles (Driskell et al., 2009). Guard hairs and their associated touch domes were
identified based on innervation with both NFH-positive Ab lanceolate endings and NFH-positive
Merkel-cell afferents (Bai et al., 2015; Lesniak et al., 2014; Li et al., 2011). Merkel-cell
afferents, which branch to contact Merkel cells, can be distinguished from other NFH-positive
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afferents based on two anatomical features. First, their myelin end points lie just beneath the
touch dome’s epidermal-dermal border (Lesniak et al., 2014).

Second, their NFH-positive

unmyelinated branches, termed neurites, penetrate the epidermis.

In telogen skin, 98% of

neurons that met these morphological criteria innervated Merkel cells (N=97 afferent arbors and
Lesniak et al., 2014).
We first asked whether tactile afferents undergo plasticity during the spontaneous hair
cycle (P28–P70 in hindlimb skin). Anagen was induced by plucking hair from 2-cm2 patches of
skin in second telogen (Plikus et al., 2008). Specimens were collected from groups of mice at 2–
4 day intervals until follicles returned to telogen (Figure 3.1B; Plikus et al., 2008). Hair-cycle
stages were verified in sections stained with hematoxylin & eosin (H&E; Muller-Rover et al.,
2001, Figure 3.1C). In telogen, the structure of Merkel-cell afferents was similar to published
observations from resting touch domes (Figures 3.1D; Li et al., 2011; Bai et al., 2015).
Morphometric quantification revealed that Merkel cells and terminal neurites were unexpectedly
dynamic over the hair cycle (Figure 3.1D–E). Surprisingly, two thirds of touch domes lacked
K8-positive Merkel cells in late anagen. Anagen afferents also displayed few terminal branches
(Figure 3.1E) and, in many cases, lacked branching neurites that normally extend from myelin
end-points. By contrast, touch-dome afferents in late anagen displayed suprisingly truncated
arbors, as evidenced by a lack of Merkel cells and a reduction in terminal neurites (Figure 3.1E).
Merkel cells and terminal branches rebounded in catagen (Figure 3.1F). These results reveal that
Merkel-cell afferents are capable of dramatic structural plasticity during the spontaneous hair
cycle.
Merkel-cell numbers were unexpectedly dynamic over the induced hair cycle. First, we
observed a marked loss of K8-positive Merkel cells during anagen, which contrasts with
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previous studies (Moll et al., 1996; Nakafusa et al., 2006). At day 0 in telogen skin, the number
of Merkel cells per touch dome ranged from 1–31 (Figure 3.1D, G; N=20). The number of K8positive Merkel cells per touch dome progressively decreased until late anagen (day 18), at
which time 63% of touch domes were devoid of K8-positive Merkel cells (Figure 3.1E, G;
N=27). Remaining Merkel-cell clusters were also smaller in late anagen (day 18: 3.6±2.7 Merkel
cells, mean±SD N=10) compared with telogen (day 0: 12.6±7.7, N=20; P=0.001, Student’s twotailed t test), resulting in a 90% reduction of Merkel cells overall. Second, we found that the
number of K8-positive Merkel cells recovered in catagen, only four days after the nadir, reaching
pre-plucked levels by telogen (day 26; Figure 3.1F, G; N=17). Together, these data demonstrate
a transient loss of K8-positive Merkel cells during active hair growth.
To ask whether these Merkel-cell changes were accompanied by alterations in
innervation, we quantified NFH-positive neurites in Merkel-cell afferents. The numbers of
terminal neurites and Merkel cells decreased in tandem, and then arbors returned to resting-stage
structures within eight days of late antagen (Fig. 3.1H). These results reveal that Merkel-cell
afferents are capable of dramatic structural plasticity during induced hair cycles.
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Figure 3.1 Plucking induces remodeling of Merkel-cell afferents
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Figure 3.1 Plucking induces remodeling of Merkel-cell afferents.
(A) Diagram of the mouse hair cycle. In pigmented mice, skin appears white during telogen,
black during anagen and grey during catagen.
(B) Experimental paradigm. Vertical lines denote time points for collecting specimens (N=3–4
mice per group).
(C) Examples of H&E stained-skin sections used to verify hair-cycle stage for all specimens.
(D–F) Representative axial projections of whole-mount touch-dome innervation before plucking
(Day 0) or at the indicated days post-plucking. K8: cyan, NFH: red, MBP: green.
(G–H) Quantification of Merkel cells (G) and terminal neurites in NFH+ afferents (H; N=17–31
touch domes per group; P<0.0001 for both measures, one-way ANOVA). Asterisks denote
groups that were significantly different from Day 0 by Tukey’s post hoc comparisons. Each
point represents a single touch dome and red lines denote median values. Grayscale bar indicates
hair-cycle stage as in A & B. All mice were C57Bl/6 females, age 68–70 days old at Day 0.
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Merkel-cell afferents retract and regrow during spontaneous hair cycling
We next sought to determine whether tactile afferents undergo plasticity during the
spontaneous hair cycle, whose onset and progression is governed by complex molecular
crosstalk between hair follicle stem cells and neighboring cell types (Alonso and Fuchs, 2006
Jahoda and Christiano, 2011; Plikus and Chuong, 2008). Three-dimensional reconstructions
were used to analyze Merkel-cell afferents at defined stages of the first hair cycle (P28–P70 in
hindlimb skin; Figure 3.2A, Figure 3.3).

Peripheral afferents were traced from their

defasciculation at the dermal nerve plexus to the epidermis (Figure 3.2B).
As in the induced hair cycle, the number of Merkel cells and terminal neurites fluctuated
dramatically between hair-cycle stages.

The number of Merkel cells per touch dome

significantly differed between anagen, catagen and telogen (Figure 3.2C).

Similar to the

induced hair cycle, 75% of touch domes lacked K8-positive Merkel cells in late anagen. Anagen
afferents also displayed the fewest terminal branches (Figure 3.2D) and, in many cases,
appeared to lack branching neurites that normally extend from myelin end-points. In these
arbors, NFH-positive afferents terminated at myelin end-points (Figure 3.2A) or gave rise to
diffuse areas of bright NFH-positive immunoreactivity (Figure 3.4) reminiscent of swollen
neuronal terminals obseved during Wallerian degeneration (Dubovy and Aldskogius, 1996;
Hsieh et al., 2000). Notably, the number of Merkel cells and terminal branches rebounded in
catagen, resulting in touch domes with 72% more Merkel cells than in telogen. Thus, we
conclude that the number of Merkel cell-neurite complexes changes in a dynamic temporal
pattern during spontaneous hair-follicle regeneration.
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Figure 3.2 Touch receptors show plasticity during the spontaneous hair cycle.
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Figure 3.2 Touch receptors show plasticity during the spontaneous hair cycle.
(A) Representative axial projections of touch domes from different stages of the spontaneous
hair cycle in mouse hindlimb: first telogen (28 days), late anagen (39 days), catagen (40 days)
and second telogen (66 days). K8: cyan, NFH: red, MBP: green. Scale bar applies to all panels.
See Videos 1–4 for three dimensional reconstructions. (B) Neurolucida tracing of whole-mount
projections from A. Merkel cells are outlined in blue. Magenta dots mark heminodes. In the
catagen touch dome, the tracing omits a thinly myelinated Ad afferent that contacted two Merkel
cells but did not converge with the thickly myelinated Ab afferent.

(C–H) Quantitative

morphometry of three-dimensional tracings showing Merkel-cell number (C), number of
terminal branches (D), number of branch points (E), highest branching order (F), total afferent
length (G) and number of heminodes (H). Each point represents a single touch-dome afferent.
Red lines denote medians. P values are the results from one-way ANOVAs across all groups.
N=3–4 animals and 13–19 touch domes per group. Fig. 3.3 shows examples of histological
validation of each spontaneous hair-cycle phase.
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Figure 3.3 Staging of the spontaneous hair cycle.
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Figure 3.3 Staging of the spontaneous hair cycle.
H&E-stained skin sections show hair follicles in first telogen (4 weeks), anagen (5.5 weeks),
catagen (5.7 weeks) and second telogen (8–10 weeks).
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Figure 3.4 Anagen touch-dome afferents display diffuse terminal NFH+-immunoreactivity.
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Figure 3.4 Anagen touch-dome afferents display diffuse terminal NFH+-immunoreactivity.
An example projection from a touch-dome afferent that terminated in bright NFH+ regions more
distal to myelin end-points. K8-positive Merkel cells were not detected in this touch dome. K8:
cyan, NFH: red, MBP: green.
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We next analyzed measures of neuronal complexity. Across the afferent population, the
number of branch points and highest branch order, a measure of nested branching, fluctuated in a
pattern that mirrored Merkel-cell numbers (Figure 3.2E–F). By contrast, monotonic changes
were observed for total afferent lengths (Figure 3.2G) and number of heminodes at myelin endpoints (Figure 3.2H). Heminodes, which contain clusters of voltage-activated sodium channels
that initiate action potentials, were stable between first telogen and anagen but then decreased
progressively from anagen to second telogen (Figure 3.2H). Together, these data suggest that
myelinated branches refine whereas unmyelinated branches increase in complexity between
anagen and telogen.
Catagen afferents had the most complex arbors, with 135% more branch points and 160%
more terminal branches than late-anagen afferents, as well as higher branching order
(Figure 3.2D–F). The number of terminal branches decreased 9% from catagen to the second
telogen, which indicated that there was some refinement in structure at the time when K8positive Merkel cells decreased by 38%. The catagen population as a whole showed a bimodal
distribution in some branching parameters (Figure 3.2D–E). Given that catagen lasts only 3–4
days (Alonso and Fuchs, 2006), we hypothesize that receptors remodel quickly and that only a
portion of touch-dome afferents were caught in their most complex state.
We next asked whether differences in experimentally observed afferent structures
corresponded to Merkel-cell number within individual touch receptors. Merkel-cell number was
plotted versus branching parameters for each end-organ (Figure 3.5A).

Linear regressions

revealed that Merkel-cell number positively correlated with the number of branch points,
terminal branches and heminodes during catagen but not in anagen or telogen (P=0.005–0.01;
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Pearson’s correlation). The correlation between Merkel cells and heminodes in catagen supports
the results of our computational model indicating that myelinated branch refinement from anagen
to catagen is Merkel-cell dependent. Similarly, high-order branch length, which reflects the
contribution of unmyelinated neurites, was highly correlated with Merkel-cell number during
catagen (Figure 3.5B; P=0.002; Pearson’s correlation).

These data indicate that increased

afferent complexity, particularly in the unmyelinated portion of the afferent, accompanies the
increase in K8-positive Merkel cells. Such correlations could be driven by signaling between
Merkel cells and sprouting neurites in catagen.
We wondered whether neuronal sprouting outside of touch domes in anagen might
contribute to the abundance of myelinated afferents lacking K8+ Merkel cells. To assess this
possibility, we quantified the density of myelinated afferents that terminated near the epidermis.
At low magnification, one could readily observe the paucity of Merkel-cell clusters at superficial
afferents in anagen (Figure 3.6A) compared with catagen (Figure 3.6B). We found that the
density of myelinated afferents that terminated near the epidermis increased in anagen compared
with catagen (Figure 3.6C). Thus, newly sprouted myelinated branches could account for some
of the low-complexity arbors found in late anagen; however, sprouting cannot explain the
progressive decline in K8+ Merkel cells and neurites between telogen and late anagen
(Figure 3.1G, H).
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Figure 3.5 Neurites account for most of the afferent remodeling during the hair cycle.
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Figure 3.5 Neurites account for most of the afferent remodeling during the hair cycle.
(A–C) The number of branch points (blue), terminal branches (light blue) and heminodes
(magenta) plotted against the number of K8+ Merkel cells in a given touch dome during
spontaneous anagen (A), catagen (B) and telogen (C). Linear regressions revealed a significant
correlation with a non-zero slope only for parameters in catagen (B; R2=0.47–0.53, P=0.005–
0.01, Pearson’s correlation). (D–F) The total length of all branches fifth order and above plotted
versus number of K8+-Merkel cells in anagen (D), catagen (E) and telogen (F). This measure
correlated with Merkel-cell number only in catagen (E; R2=0.6, P=0.002, Pearson’s correlation;
N=3–4 animals and 13–19 touch domes per group).
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Figure 3.6 Myelinated afferent density increases modestly in anagen.
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Figure 3.6 Myelinated afferent density increases modestly in anagen.
(A–B) Representative axial projections of skin labeled with NFH (red), MBP (green) and K8
(cyan) during spontaneous late anagen (A) and catagen (B).

Asterisks denote myelinated

branches that approach the epidermis and were scored as touch-dome innervation. Note the two
Merkel-cell clusters in catagen where none was observed in anagen. (C) Quantification of
myelinated afferent end-organ density. Bars represent mean±SD. P=0.005, two-tailed Student’s
t test. N=9–11 fields from 2–3 animals. (D–G) Magnified images from the corresponding boxes
labeled in (A–B). Merkel-cell clusters are visible in examples from catagen (F, G) but not
anagen (D, E).
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Table 1

Response properties of Aβ afferents recorded during an unbiased search.

Fiber classification

Aβ RA
Aβ SAI
Aβ other SA

mean
11.69
11.50
13.27

Conduction velocity
Ana
Tel
SD
mean
1.6
12.84
0.0
12.62
3.0
11.19

von Frey threshold
# afferents
Ana
Tel
Ana
Tel
median
range
median
range
total: 20 total: 19
0.39
0.08–98.0
0.3
0.2–0.69
9
6
0.08
N/A
0.08
0.08–0.08
1
5
0.08
0.08–0.2
0.14
0.08–3.92
10
8

SD
3.1
2.4
1.6

Table 3.1 Response properties of Ab afferents recorded during unbiased mechanical searches
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Table 3.1

Response properties of Ab afferents recorded during unbiased mechanical

searches in anagen (Ana) and telogen (Tel).
Conduction velocity and von Frey thresholds are indicated. Rapidly adapting (RA) responses
produced spike trains during dynamic stimulation. SAI afferents were classified as noted in
Methods.

Aβ other SA had a sustained reponse patterns but did not otherwise meet the

classification criteria for SAI responses.

Electrophysiology performed by Y.B.
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Touch-receptor reliability is compromised during skin remodeling
We next assessed the functional consequences of afferent plasticity in skin. To determine
whether the molecular machinery for force-sensing was intact in anagen arbors, we evaluated the
expression of Piezo2, a mechanosensitive ion channel critical for gentle touch (Ranade et al.,
2014b). To do so, we performed immunohistochemistry on anagen skin specimens from mice
that express a Piezo2-GFP fusion protein (Woo et al., 2014). Piezo2-GFP localization was
similar in all touch-dome afferents observed, including those that lacked terminal neurites
(Figure 3.7).

These data suggest that touch-dome afferents are capable of transducing

mechanical stimuli in anagen.
To measure touch-evoked firing of Merkel-cell afferents over the spontaneous hair cycle,
we used an ex vivo skin-nerve preparation to record from Ab low-threshold mechanoreceptors
(LTMRs) whose end organs were visualized by FM1-43 labeling (Maksimovic et al., 2014;
Wellnitz et al., 2010). In response to ramp-and-hold stimulation, Merkel-cell afferents produce
canonical SAI responses, which are characterized by receptive fields limited to touch domes,
high frequency dynamic firing, low frequency sustained firing with irregular interspike intervals
and a lack of responsiveness to guard-hair movement (Iggo and Muir, 1969). In an unbiased
survey of Ab LTMRs in the proximal hindlimb, we observed such canonical SAI responses in
5% (1/20) of Ab LTMRs in late anagen compared with 26% (5/19) in telogen (Table 3.1).
These data indicate that SAI responses are intact but are encountered less frequently in anagen,
when many Merkel-cell afferents have reduced arbor complexity.
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Figure 3.7 Piezo2 is expressed throughout touch-dome afferents in anagen.
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Figure 3.7 Piezo2 is expressed throughout touch-dome afferents in anagen.
Axial projections from anagen touch domes in Piezo2-gfp mice. A typical arbor containing
Merkel cells (A) and a stunted arbor lacking K8+ Merkel cells (B) are shown. Scale bar applies
to all panels.
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We next analyzed stimulus-response properties of SAI responses by performing targeted
recordings from Merkel-cell afferents in anagen (Figure 3.8A, D), catagen (Figure 3.8B, E) and
telogen (Figure 3.8C, F). As expected based on our unbiased survey, we were able to record
typical biphasic SAI firing patterns at each hair-cycle stage (Figure 3.8D–F). The sensitivity of
each afferent’s responses was estimated by fitting force-firing rate curves during dynamic and
static phases with Boltzmann relations (Figure 3.8G–I).

Boltzmann slope was used as a

measure of an afferent’s mechanical sensitivity, with lower values signifying steeper curves and,
thus, higher sensitivity. Mechanical set-point was estimated from the mid-points of force-firing
curves (F50), as well as force threshold, defined as the lowest stimulus amplitude that elicited
reliable firing. Maximal firing rates did not differ among hair cycle stages, demonstrating that
afferent excitability was similar across anagen, catagen and telogen (Figure 3.8J).
When stimulus-response parameters of Merkel-cell afferents were compared across haircycle stages, we found that median values were indistinguishable; however, fit parameters
followed distinct distributions (Figure 3.8K, L and Table 3.2). In telogen, dynamic and static
Boltzmann slopes and F50 values were normally distributed. By contrast, these measures failed
tests of normality in anagen.

Catagen represented an intermediate phase, with parameters

following normal distributions for dynamic firing but not for static firing. These different
distributions precluded direct comparison of variance between populations; however, we noted
systematic differences in skewness, a measure of a distribution’s symmetry (Table 3.2). Anagen
data displayed more pronounced rightward skew than telogen populations, with intermediate
values in catagen. Overall, 29% of afferents in anagen and catagen displayed markedly lower
sensitivities (higher Boltzmann slope values; Figure 3.8K) and high mechanical setpoints

102

compared with telogen afferents (Figure 3.8L, M). Together, these data suggest that Merkelcell afferents remain responsive to tactile stimuli in the midst of afferent remodeling, but the
ability to encode low-amplitude stimuli is compromised in active hair cycle stages.
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Figure 3.8 SAI response properties are less reliable during the hair cycle.
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Figure 3.8 SAI response properties are less reliable during the hair cycle.
(A–C) Representative traces show single-unit SAI responses in spontaneous anagen (A), catagen
(B) and telogen (C). Top traces: Displacements, with dashed ‘0’ lines indicating point of probe
contact with skin. Middle traces: Forces. Lower trace: Action-potential trains. Teal box
indicates dynamic phase and magenta denotes the static phase used for further analysis. (D–F)
Instantaneous firing frequency versus time for the traces above. (G–I) Stimulus-response curves
of the units in A–C. (J–M) Population properties of single units recorded during anagen (A),
catagen (C) and telogen (T). (J) Maximal firing rates. (K) Boltzmann slopes. (L) Mid-points of
Boltzmann fits (F50). (M) Force thresholds, defined as the lowest controlled stimulus that
reliably elicited spike firing.

Each point represents an individual extracellular recording.

Asterisks mark groups that are non-normal. Lines denote median values. Teal: dynamic phase.
Magenta: static phase.
Y.B. performed recordings, E.A.L., K.L.M. and Y.B. performed data analysis, and K.L.M.
prepared figure.
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Table 2. Normality tests and skewness values for
SAI response properties in targeted recordings.
KS test normal?
Boltzmann slope - dynamic
Ana
No
Cat
Yes
Tel
Yes
Boltzmann slope - static
Ana
No
Cat
No
Tel
Yes
Boltzmann F50 - dynamic
Ana
No
Cat
Yes
Tel
Yes
Boltzmann F50 - static

P value

Skewness

< 0.0001
0.08
> 0.10

3.1
0.68
0.38

0.005
0.01
> 0.10

2.28
1.61
1.37

< 0.0001
0.06
> 0.10

3.25
0.97
-0.59

Ana
Cat
Tel
Force threshold

No
No
Yes

0.002
0.006
0.09

2.83
2
1.97

Ana
Cat
Tel

No
No
No

< 0.0001
0.01
0.01

2.17
1.37
1.4

Table 3.2 Normality and skewness values for SAI response properties in targeted recordings.
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Table 3.2

Normality and skewness values for SAI response properties in targeted

recordings.
Results from Kolmogorov-Smirnov (KS) test of normality are shown, with “yes” indicating that
data are normally distributed (P>0.05). Skewness values represent symmetry of the data, with
zero indicating perfect symmetry and positive values indicating rightward skew.
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DISCUSSION
This study reveals the remarkable plasticity of the peripheral nervous system in the
context of healthy skin. Somatosensory neurons undergo degeneration and sprouting after injury
and in common skin conditions such as eczema and psorasis (Kinkelin et al., 2000; Taneda et al.,
2011); however, the loss and rapid rebuilding of the Merkel-cell afferent’s terminal was entirely
unexpected in healthy states. Our results highlight the utilitiy of the mouse hair cycle as a
system for studying molecular pathways that govern intrinsic peripheral neuron remodeling
programs in the absence of injury or pathophysiology.

Plasticity in Merkel-cell afferents
Structural analysis of touch-dome afferents demonstrated that both myelinated branches
and unmyelinated neurites remodel over the hair cycle. Interestingly, these two domains in the
peripheral arbor follow different trajectories: unmyelinated neurites fluctuate in tandem with
changes in Merkel-cell numbers, whereas myelinated branches refine progressively over time.
Future studies are needed to determine whether these two processes are governed by common
mechanisms.
Alterations in myelinated versus unmyelinated branches of these afferents are predicted
to have distinct functional consequences. The refinement of myelinated branches resulted in
fewer action-potential initiation sites, which would reduce competition between Merkel-cell
inputs from each branch. Thus, the progressive decrease in heminodes suggests that there is
optimization of this end organ over time. By contrast, unmyelinated neurites complex with
Merkel cells to transduce mechanical stimuli, so the loss of neurites in anagen is predicted to
attenuate afferent sensitivity. Using targeted recordings, we observed a decrease in SAI afferent
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sensitivity and an increase in mechanical setpoint for only a subset of afferents during anagen.
This could be because our mechanical search strategy was biased to detect intact end-organs,
which are observed during anagen with low frequency. Consistent with this interpretation, an
unbiased survey identified a lower proportion of canonical SAI responses among Ab LTMRs in
anagen compared with telogen. Our behavioral analysis demonstrates that tactile responsiveness
in the intact nervous system is likewise reduced in anagen compared with telogen.
Our computational simulations indicate that simple principles of plasticity can account
for the distributions of Merkel cell and heminode numbers observed in the spontaneous hair
cycle. In particular, our model predicts that Merkel cells are stochastically incorporated into the
arbor, but that heminodes are pruned based on low Merkel-cell number.

Our observed

correlation between Merkel-cell number and heminodes during catagen supports the validity of
these principles, as the end organs with a larger complement of Merkel cells also have more
heminodes.
The surprising degree of afferent plasticity during hair-follicle growth raises the question
of whether hair cycle-stimulated remodeling is required for maintenance of tactile afferents.
Interestingly, adult Hairless mice, whose follicles do not cycle, have innervated Merkel cells,
indicating that the hair cycle itself is not required for survival or innervation of all Merkel cells
(Xiao et al., 2015). Thus, we propose that neuronal plasticity is a normal process for touch
receptors that is synchronized by hair growth.
Recent studies have identified epidermal progenitors that maintain Merkel cell
populations (Doucet et al., 2013; Van Keymeulen et al., 2009; Woo et al., 2010; Wright et al.,
2015). Lineage-tracing studies report that touch-dome Merkel cells are replenished slowly, with
a life-span of at least 7 weeks (Doucet et al., 2013; Wright et al., 2015). Nonetheless, most
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Merkel cells are newly specified over the course of two hair cycles (Xiao et al., 2015). Our
observation that touch domes had significantly fewer K8+ Merkel cells during late anagen but
normal Merkel-cell complements only a few days later in catagen suggests that Merkel cells
undergo rapid, synchronized turnover during the hair cycle rather than slow replenishment.
Alternatively, it is possible that Merkel cells are not replaced but display coordinated changes in
marker expression over the hair cycle. Future studies are needed to distinguish between these
models.
The reduction of K8-expressing Merkel cells in anagen touch domes coincided with the
loss of neurites in touch-dome afferents, raising the possibility that these cell types are interdependent. It is unlikely that loss of Merkel cells drives neuronal remodeling, as touch-dome
innervation does not require intact Merkel cells (Maricich et al., 2009; Reed-Geaghan et al.,
2016). By contrast, previous studies indicate that intact innervation and neural-derived sonic
hedgehog signaling is needed to maintain a full complement of Merkel cells in touch domes
(Nurse et al., 1984; Xiao et al., 2015). Our observation that innervation and Merkel cells change
in concert over a few days extend this model by suggesting a tight temporal dependence of
touch-dome Merkel cells on intact innervation. It is worth noting, however, that the neural
dependency of Merkel cells differs across tissues. For example, Merkel-cell densities in rodent
glabrous skin do not decrease after nerve crush injury (Mills et al., 1989). How non-innervated
Merkel cells are maintained and their role in epithelial biology are unknown (Boulais and
Misery, 2007; Irmak, 2010; Xiao et al., 2014).

Functional consequences of afferent plasticity
Electrophysiological recordings demonstrate that touch reception is maintained during
anagen and catagen, but that mechanical setpoint increased and sensitivity decreased in almost
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one third of touch-dome afferents during active hair cycle stages. Such changes might reflect
differences in terminal architecture or alterations in ion channels that govern neuronal
excitability. It is worth noting that changes in skin geometry over the hair cycle might also alter
stimulus-response relations; however, the impact of such tissue properties can be minimized if
neurons encode compressive stress rather than strain (Wang et al., 2016; Wang et al., 2013a; Ge
and Khalsa, 2002). Given that most touch-dome afferents produced typical SAI responses, it is
also possible that tactile sensitivity is largely preserved though homeostatic changes in ionchannel function that offset differences in end-organ structure and skin geometry. Testing this
hypothesis will require new methods for voltage-clamping peripheral afferents.
Recent studies have shown that touch-dome afferents that constitutively lack
mechanosensitive Merkel cells produce intermediately adapting (IA) firing patterns (Maksimovic
et al., 2014; Woo et al., 2014). Thus, we expected to observe IA responses in late anagen, when
many touch-dome afferents lack K8+ Merkel cells.

Instead, almost all touch-dome units

identified had SA firing patterns in anagen. We speculate that these responses are produced by
intact Merkel-cell afferents. Alternatively, touch-dome afferents might retain the ability to
produce sustained firing when K8+ Merkel cells are lost postnatally (Kinkelin et al., 1999). We
favor the former explanation because optogenetic silencing of Merkel cells rapidly and reversibly
attenuates sustained SAI firing (Baumbauer et al., 2015; Maksimovic et al., 2014), which
demonstrates that Merkel-cell activity is required acutely during touch stimulation.
We hypothesize that the changes we observed in the reliability of SAI afferent firing is
due to the morphological changes we observed during anagen. Future studies will delineate the
behavioral consequences of this remodeling, and whether touch receptors that encode hair
deflection or moving stimuli also remodel during the hair cycle. This surprising result also
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suggests that evolutionarily, the benefits of afferent remodeling offsets a transient loss in the
reliability of tactile encoding.

Hair-cycle signaling pathways
Molecular signals from follicular and dermal cells could be driving the hair cycleassociated changes we observed in neurons and Merkel cells. Several pathways that are required
for hair-cycle initiation are also involved in neuronal outgrowth and Merkel-cell maintenance.
Cyclic changes in expression of bone morphogenetic proteins (BMP) in the dermis are required
for the transition from telogen to anagen (Plikus et al., 2008) and play a critical role in regulating
the follicle stem-cell niche (Kobielak et al., 2007). BMP4 also drives sensory neuronal plasticity
in the vaginal tract (Bhattacherjee et al., 2013), so this pathway could simultaneously govern
follicle cycling and neuronal remodeling. Similarly, Sonic hedgehog is critical for proper haircycle regulation (Oro and Higgins, 2003) and maintenance of touch-dome Merkel cells (Xiao et
al., 2015). The growth factor FGF5, which is upregulated after peripheral nerve injury (Scarlato
et al., 2001; Suzuki et al., 2000), is required for the anagen to catagen transition (Hebert et al.,
1994). Thus, FGF5 is a candidate trophic signal to promote neurite outgrowth observed in
catagen. The results of this study sets the stage for assessing the role of these hair-cycle
signaling pathways in control of cutaneous innervation.
Our study reveals that tactile afferents in healthy skin are capable of dramatic remodeling
over a few days. These results show that, like other sensory structures, the skin’s nervous system
undergoes renewal as a part of normal epithelial remodeling. This opens up avenues to identify
the cellular and molecular mechanisms that govern axonal pruning and regeneration in healthy
skin. It is possible that mechanisms of neuronal maintenance are shared with those that drive
clearance of neurites and dying cells during disease and injury. Studies delineating mechanisms
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of peripheral axon remodeling in the context of injury reveal that this is a multi-faceted, active
process goverened by cues from the soma (Barnett et al., 2016; Cashman and Hoke, 2015; Gerdts
et al., 2015).

Moreover, after nerve injury, upregulation of neurotrophins such as NGF

accompanies neuronal sprouting in skin (Constantinou et al., 1994; Jankowski and Koerber,
2010; Quarta et al., 2014). Maintenance programs could piggyback on these injury pathways.
Delineating and harnessing these processes at a molecular level could allow for interventions to
improve touch-receptor recovery after injury and maintenance of touch receptors during aging.
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EXPERIMENTAL PROCEDURES
Animals
Animal use was conducted according to guidelines from the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals and was approved by the Institutional Animal
Care and Use Committee at Columbia University Medical Center.

Anatomical analysis of Merkel-cell afferents over the hair cycle
To analyze induced hair cycles, female C57BL/6 mice (9–10 weeks old) were anesthetized with
5% Isoflurane and maintained at 2–3% using a vaporizer according to approved protocols. Hair
shafts were plucked in a 2 cm2 patch located on the proximal hindlimb. Skin specimens were
harvested 4–26 days post-plucking for analysis (N=3-4 mice per time point and ≥5 touch domes
per mouse).
To investigate afferents over the spontaneous hair cycle, skin specimens were collected
from female Atoh1/nGFP mice (28–70 days old). Some morphometric data collected in second
telogen were previously reported (Lesniak et al., 2014). Based on skin pigmentation, these ages
were determined to span first telogen through second telogen in the proximal hindlimb, which
lags that of the dorsal skin. Hair cycles were verified post-hoc by histological staging of follicles
as described below.

Assessment of hair-cycle stage
Hair cycle stages were assessed based on skin pigmentation and animal age according to
published protocols (Muller-Rover et al., 2001). Hair-cycle phases were typically confirmed
post hoc histologically using areas of skin adjacent to immunostained samples or recorded
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receptive fields.

Specimens were fixed overnight in 4% PFA at 4°C, transferred into

70% ethanol, paraffin-embedded, sectioned at 5 µm and stained with hematoxylin and eosin
using standard protocols. A total of 25–105 follicles from ≥3 sections per specimen were
matched to hair-cycle stages as described (Muller-Rover et al., 2001), and the sample was
classified according to the follicle stage that described ≥70% of follicles. Specimens that fell
between two cycle stages were excluded from further analyses.

Immunohistochemistry and confocal microscopy
Skin was depilated (Surgi-cream), tape-stripped to remove the stratum corneum and dissected
from the proximal hind limb of female Atoh1/nGFP transgenic mice (Lesniak et al., 2014, for
spontaneous hair cycles) or C57BL/6J mice (for induced hair cycles). This location was chosen
to match the site of electrophysiological recordings in ex vivo skin-saphenous nerve preparations.
Whole-mount immunohistochemistry was performed as previously described (Lesniak et al.,
2014). Briefly, tissue was fixed in 4% paraformaldehyde (PFA) overnight, washed in 0.03%
triton-X PBS and incubed in primary antibody for 72–96 h at 4°C. Primary antibodies used were:
rat anti-K8 (Developmental Studies Hybridoma Bank; TROMA-I), chicken anti-NFH (Abcam;
ab4680), rabbit anti-NFH (Abcam; ab8135), rabbit anti-MBP (Abcam; ab40390) and chicken
anti-GFP (Abcam; ab129070). After 5-10 h of washes in PBST, samples were incubated for 48 h
at 4°C in secondary antibodies: goat AlexaFluor-conjugated antibodies (Invitrogen) directed
against rat (Alexafluor 594; A11007), chicken (Alexafluor 647; A21449) or rabbit (Alexafluor
488; A11008) IgG. After staining, tissue was dehyrated progressively in 25-100% methanol and
cleared using a 2:1 benzyl benzoate/benzyl alcohol solution. Specimens were imaged in three
dimensions (1 µm axial step sizes) on a Zeiss Exciter confocal microscope equipped with 20X,
0.8 NA or 40X, 1.3 NA objective lenses.
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Three-dimensional reconstructions
Confocal image stacks were imported into Neurolucida (MBF Bioscience) and traced in three
dimensions. Tracing data were analyzed using Neurolucida Explorer branching analysis tools.
Images were prepared for publication in ImageJ (Schneider et al., 2012) or Photoshop (Adobe).
Three-dimensional reconstruction videos were created with the 3D-visualization tool in
Neurolucida. To quantify lengths of unmyelinated arbors, high-order branches were defined as
fifth-order and above because myelin end-points most often occured on fourth-order branches in
telogen (Lesniak et al., 2014).

Electrophysiology
Extracellular recordings from mouse ex vivo skin-saphenous nerve preparations were performed
as previously described (Maksimovic et al., 2014; Maricich et al., 2009). Spike discrimination
and data analysis was performed in MATLAB. Female C57BL/6J mice during first anagen,
second catagen and second telogen (30–87 days old) were used. Hair-cycle stage was assessed
using age and skin pigmentation, and confirmed post hoc by histology as described above. To
estimate the proportion of afferents that produced SAI responses in anagen versus telogen, an
unbiased survey of Ab afferents was performed using a mechanical search strategy as previously
described (Maricich et al., 2009).

For targeted recordings from touch-dome afferents, a

published mechanical search strategy was used to locate units with Aβ conduction velocities
(CV≥9 m/s) that responded selectively to touch-dome indentation (Maksimovic et al., 2014).
SAI responses were classified according to criteria of Iggo & Muir (Iggo and Muir,
1969): 1) Aβ conduction velocity, 2) sustained firing with irregular interspike intervals; 3)
punctate receptive fields restricted to one or more touch domes, 4) unresponsive to guard-hair
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movement unless it compressed a touch dome. In addition to afferents that produced canonical
SAI responses, we observed touch-dome afferents that responded to guard-hair wiggle (Y.B.,
unpublished observations). These responses were not analyzed further because the end-organ
structure of these afferents has not been elucidated.
Mechanical stimuli were delivered via a ceramic cylindrical probe (1.5-mm tip diameter)
mounted on a custom indenter (Wellnitz et al., 2010). Ramp-and-hold stimuli were applied in a
randomized order.

Five-second hold durations were used throughout.

Typically, 2–3

presentations were performed at each stimulus magnitude and firing rates were averaged for
curve fitting. The skin’s reactive force was monitored with a load cell mounted on the indenter;
mean force levels for the late hold phase (2–4.5 s after the probe reached the commanded
stimulus) are reported.

Instantaneous firing rates (as in Figure 5D–F) were calculated as

reciprocals of inter-spike intervals. Dynamic firing rate was defined as the peak instananeous
firing rate observed during stimulus ramp (i.e., the time period of probe movement). Static firing
rate was calculated as the mean of the instantaneous firing rates during the late-hold phase,
which excludes the period of rapid adaption that follows the dynamic phase of the SAI response.
To compare dynamic and static firing rates across populations of afferents (Figure 5J), we
calculated the maximal dynamic and static firing rates for each unit at the stimulus magnitude
that elicited most robust firing.

Data Analysis and Statistics
Statistical analyses were performed with Prism 5 (Graphpad). For paramteric data with three or
more groups, one-way ANOVAs were followed by Tukey’s post hoc analysis for between-group
comparisons. Unpaired, non-parametric data were analyzed using the Kruskal-Wallis test with
Dunn’s post hoc comparison. Paired data were compared with Wilcoxon matched-pairs signed
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rank test. Student’s two-tailed t test was used to compare means of two normally distributed
groups. Linear regressions were performed in Prism and Pearson’s correlation values were
assessed based on these fits.

The normality of population data was assess using the

Kolmogorov-Smirnov test with Dallal-Wilkinson-Lilliefor P values, with P£0.05 indicating nonnormality. For electrophysiology data, datasets that were non-normal were log transformed
(Y=log(Y)) before testing for outliers using Grubb’s test, which utilized the extreme studentized
deviate method. One outlier was detected was excluded from the dataset.
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Force-firing rate relations (Figure 6K–L) were analyzed by plotting the firing rate
averaged from multiple stimulus presentations against mean static force. Curves were fit with a
Boltzmann function:

Firing rate (F) =

Plateau
"F −F%
'
1+ exp $$ 50
s '&
#

where Plateau denotes peak firing rate, F is a given force, F50 is force that produces
half-maximal amplitude of peak firing rate, and s denotes a slope function that is inversely
proportional to the unit’s sensitivity. Fits were constrained through zero to reflect the lack of
spontaneous firing in SAI responses. Ambiguous Boltzmann fits were excluded from further
analysis. Of 33 units, 26 were fit in the static phase and 29 were fit in the dynamic phase.
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SUMMARY
Flight maneuvers require rapid sensory integration to generate adaptive motor output.
Bats achieve remarkable agility with modified forelimbs that serve as airfoils while retaining
capacity for object manipulation. Wing sensory inputs provide behaviorally relevant information
to guide flight; however, components of wing sensory-motor circuits have not been analyzed.
Here, we elucidate the organization of wing innervation in an insectivore, the big brown bat,
Eptesicus fuscus. We demonstrate that wing sensory innervation differs from other vertebrate
forelimbs, revealing a peripheral basis for the atypical topographic organization reported for bat
somatosensory nuclei. Furthermore, the wing is innervated by an unusual complement of sensory
neurons poised to report airflow and touch. Finally, we report that cortical neurons encode tactile
and airflow inputs with sparse activity patterns. Together, our findings identify neural substrates
of somatosensation in the bat wing and imply that evolutionary pressures giving rise to
mammalian flight led to unusual sensorimotor projections.
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INTRODUCTION
Insectivorous bats perform complex aerial maneuvers to catch prey mid-flight. These
dynamic flyers are capable of executing quick altitude drops and directional changes. Such agile
flight is unmatched by gliding mammals and existing aircraft technologies. Bat wings have
evolved not only for flight, like avian wings, but also for object manipulation, such as pup
handling and capturing insects. This range of functions is possible because bat wings have more
than 20 degrees of freedom in their independently movable joints, allowing them to readily
adjust wing shape, or camber (Riskin et al., 2008) This wing flexibility is unique among flying
animals, and provides an advantage when maneuvering during flight.
To fly, bats rely on rapid integration of sensory inputs to guide adaptive motor outputs.
The contribution of hearing and vision to bat flight behaviors is established (Horowitz et al.,
2004; Simmons et al., 1979); however, the role of touch has been largely overlooked since the
discovery of echolocation (Chadha et al., 2011; Sterbing-D'Angelo et al., 2011; Zook, 2006). As
bats flap their wings, they produce complex aerodynamic trails (Hedenstrom et al., 2007; Hubel
et al., 2010). The air flowing over the wing stimulates microscopic hairs distributed over its
dorsal and ventral surfaces. Hair follicles, a uniquely mammalian adaptation, are innervated by
touch receptors that report hair deflection to the central nervous system. Depilating wing hairs
from two echolocating bat species (E. fuscus and Carollia perspicillata) changed their flight
behaviors, including turn angles and flight speeds (Sterbing-D'Angelo et al., 2011). These
findings indicate that bats use tactile feedback from their forelimb-derived wings to inform
motor output during flight.
Bats are not the only mammals in which somatosensory inputs guide skilled forelimb
movements. Recent studies have defined proprioceptive circuits that control reaching and
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grasping behaviors in rodents (Azim et al., 2014; Bui et al., 2013; Esposito et al., 2014). In
primates, cutaneous input from the hand is essential for manipulating objects (Witney et al.,
2004). For example, tactile feedback is used for adjusting grip strength to prevent slip (Augurelle
et al., 2003). Similarly, inputs from wing touch receptors might guide adjustments of a bat’s
wing camber, akin to grip, when changing directions or adjusting to wind patterns. Although
behavioral evidence establishes a role for wing tactile inputs in bat flight (Sterbing-D'Angelo et
al., 2011), little is known about the identities and organization of somatosensory circuit
components in bat wings.
Peripheral neurons are the inputs and outputs of vertebrate sensorimotor circuits.
Somatosensory neurons of dorsal root ganglia (DRG) transduce tactile, temperature and
proprioceptive information. Motor neurons, whose cell bodies are located in the ventral spinal
cord, send motor commands to muscles. During development, motor and sensory neurons extend
from the same spinal level to innervate individual body segments, which is the basis of
dermatome and myotome maps (Landmesser, 2001; Wang and Scott, 2002). Mammalian
forelimbs are usually innervated by neurons from cervical segment 5 (C5) through the first
thoracic segment (T1), but there is interspecies variability: rat forelimb innervation extends from
C4–T2, whereas dolphin fins are innervated from levels C4–8 (Strickler, 1978; Takahashi et al.,
2003). This somatotopic organization, in which adjacent anatomical areas are represented near
each other, is set up in the periphery and preserved through multiple relays in the central nervous
system (Florence et al., 1989; Kandel et al., 2012; Xu and Wall, 1999). Peripheral sensory
innervation density determines the size of central representations; therefore, high-acuity skin
areas are magnified in cortical maps.
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In Chiroptera, however, somatotopic maps are atypical, displaying discontinuous
representations of body areas and large forelimbs (Calford et al., 1985; Chadha et al., 2011;
Martin, 1993). This suggests that peripheral innervation patterns of the forelimb might differ
between bats and other vertebrate species. Shoulder musculature that generates the bat’s wing
beat has been shown to arise from C5–T1 (Ryan et al., 1997; Tokita et al., 2012), but sensory
innervation of the wing has not been analyzed. To investigate the organization of sensorimotor
elements in bat wings, we performed anatomical and functional studies in E. fuscus, an
echolocating insectivore that displays agile flight.
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RESULTS
Peripheral organization of wing sensorimotor circuitry
We hypothesized that bats have unique sensorimotor circuitry that reflects the wing
membrane’s unusual ontogeny, deriving from the forelimb bud, trunk and hindlimb. Atypical
organization of peripheral innervation should be most evident in the plagiopatagium because it
develops through fusion of the forelimb bud and a flank-derived primordium (Weatherbee et al.,
2006). The plagiopatagium is the largest part of the wing skin membrane, spanning the area
between the fifth digit and body (Figure 4.1A). We performed anterograde neuronal tracing
using subcutaneous injections of fluorescent Cholera toxin B (CTB). Focal injections in different
wing sites labeled tens to hundreds of DRG neurons (Figure 4.2). Notably, labeling from
individual injections was found in cervical, mid- and lower-thoracic DRGs (Figures 4.1B–C and
4.2). Labeling from digits 1–4 appeared at cervical and upper thoracic levels as observed in other
mammalian species. For areas surrounding the plagiopatagium, however, some labeled neurons
localized to mid-thoracic DRGs. Labeling from T3–T8 accounted for 4% of DRG neurons
innervating the arm, 6% of DRG neurons in digit 5, and 18% of DRG neurons at plagiopatagial
sites. Injections in plagiopatagial areas near the hindlimb also revealed atypical innervation, from
T8–T11.
Plagiopatagial muscles tune stiffness of the wing membrane during flight (Cheney et al.,
2014). These muscles, which are unusual because they lack bone insertions, derive from forelimb
levels (Tokita et al., 2012). To identify spinal motor neurons that innervate the plagiopatagium,
we targeted CTB injections to intramembranous muscles. Focal CTB injections showed that
>98% of labeled motor neurons extended from levels T1–T3 to innervate plagiopatagial muscles
(Figure 4.1D). By contrast, sensory neurons labeled by the same plagiopatagial injections
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extended from C6 through T5 (Figure 4.1C). Thus, the sensory innervation of the wing extends
from a broader segmental range than the motor innervation, and arises from lower levels than
other mammalian forelimbs (Figure 4.1E). Together, these findings support the hypothesis that
the ontogeny of the bat wing, arising from the fusion of the forelimb and plagiopatagial buds,
gives rise to atypical innervation patterns in the wing.
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Figure 4.1 Bat wing neuronal tracing reveals atypical somatosensory-motor innervation.
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Figure 4.1. Bat wing neuronal tracing reveals atypical somatosensory-motor innervation.
(A) Schematic of neuronal tracing approach.
(B) T8 DRG section from bat wing injected at digit 5 with CTB Alexa-488 (green). Merged
images shows DAPI-stained nuclei (blue).
(C) Histograms show the number of neurons labeled at each spinal level from all injections
(≤1.5 µl per injection). Each column shows labeling from a separate wing site (N=2–3 injections
per site from 2–3 bats). See also Figure 4.2.
(D) Motor neurons in upper thoracic spinal cord were labeled by injection of CTB Alexa-647
into plagiopatagial muscles. Merged image shows DAPI-stained nuclei (blue). Right, motor
neuron quantification (N=6 injections in 2 bats). Dashed lines indicate transection levels of
dissected spinal cords (see Supplemental Methods).
(E) Dermatome and myotome maps. Left, injection sites colored according to spinal level of
innervation. Motor pools are represented by hatched areas. Middle: spinal level color key. Right,
map of corresponding human dermatomes.

Analysis aided by L.A.D.
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Figure 4.2 Quantification of DRG neurons innervating the wing.
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Figure 4.2. Quantification of DRG neurons innervating the wing.
(A) Image of a subcutaneous CTB-647 injection on the fifth digit of an anesthetized bat.
(B) Map of CTB injection sites on the wing used to map sensory and motor innervation.
(C) Histograms show the number of neurons labeled within each spinal level. Each column
represents an individual injection at that wing site. Each row within the histograms represents the
number of neurons labeled in a single section of DRG tissue.

Analysis aided by L.A.D.

131

Identification of sensory receptors that innervate bat wings
We next asked whether the repertoire of somatosensory receptors in wing skin differs
from other mammalian limbs. Mammalian forelimbs are replete with morphologically diverse
tactile receptors in hairy and glabrous (thick, hairless) skin, some of which have also been
reported in bat wings (Ackert, 1914; Yin et al., 2009; Zook, 2006). Bat wing skin is thin, with
two epidermal layers sandwiching the dermis (Swartz et al., 1996). The wing membrane has
been proposed to be glabrous skin due to its lack of coat hair (Makanya and Mortola, 2007;
Quay, 1970). Histological analysis revealed that the wing membrane in E. fuscus bears two
defining features of hairy skin: hair follicles and thin epidermis. These two features are similar in
bat wing membrane and mouse hairy skin, although follicle density differs (Figure 4.3A). Thus,
we conclude that the wing membrane comprises hairy skin.
We compared sensory endings in bat wing and mouse hairy skin by staining for
Neurofilament H (NFH; a conserved marker of myelinated afferents) and peripherin, which is
preferentially expressed in small diameter DRG neurons in rodents but appeared to be uniformly
expressed in bat DRG neurons (Figures 4.3.B and 4.4). We first examined Merkel cell-neurite
complexes, which are innervated by myelinated afferents that report sustained pressure and
contribute to shape discrimination (Johnson et al., 2000). In other mammals, Merkel cell-neurite
complexes localize to areas of high tactile acuity, including fingerpads, whisker follicles, and
touch domes surrounding guard (or tylotrich) hair follicles (Figure 4.3C). In bat wings, Merkel
cells were likewise associated with hair follicles and innervated by NFH-positive neurons
(Figure 4.3D). The bat epidermis was also innervated by NFH-negative free nerve endings
(Figure 4.3E), which mediate nociception and thermoreception in rodent and human skin
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(Basbaum et al., 2009). Along with these conserved sensory endings, we observed NFH-positive
neurons with unusual knob-like endings (Figure 4.3F). These structures resembled end-knobs
described in 1914 in bat wing (Ackert, 1914) and Krause end-bulbs, which are proposed to
respond to high force levels in glabrous skin of other mammals (Munger and Ide, 1988). These
end organs have not been reported in the hairy skin; therefore, these data reveal that an usual
combination of sensory receptors innervate bat wings.
We next analyzed how touch receptors are distributed across the wing to provide sensory
feedback for behaviors such as food handling, pup cradling or flight (Figure 4.3G). In vivo
injections of fluorescent FM1-43 were used to visualize sensory neurons (Figure 4.3H–J) and
Keratin 20 (Krt20) antibodies to stain Merkel cells in whole mount (Figure 4.3K–L; Lesniak et
al., 2014; Meyers et al., 2003). Three sensory receptor types were distinguished by FM1-43
labeling. We observed bright patches, ~50 µm in diameter, termed diffuse endings
(Figures 4.3H & 4.4B). These endings were sparse but enriched in inter-digit membranes
(Figures 4.3M & 4.4). Hair follicles, which were innervated by lanceolate endings visible at
high magnification (Figure 4.3I), were marked by intense staining, termed punctate endings. Bat
lanceolate endings appear similar to rapidly adapting low-threshold mechanoreceptors that report
hair movement in mice (Figure 4.4C; Abraira and Ginty, 2013). Punctate hair receptors were
enriched along leading wing edges and were more dense over bones than between digits
(Figures 4.3M & 4.4). Finally, superficial sensory arbors formed crescents around some hair
follicles (Figure 4.3J). These afferents were comparable to those that innervate Merkel cells in
other species (Figure 4.4D). Consistent with this observation, Merkel-cell clusters were usually
situated near hair follicles, and were distributed across the wing in a pattern similar to that of
punctate hair receptors (Figures 4.3K & 4.3M). Although Merkel cells associate with only ~2%
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of rodent hair follicles (Li et al., 2011), almost half (47%) of all wing hairs were juxtaposed to
Merkel cells. Thus, many wing hairs are dually innervated by lanceolate endings and Merkel-cell
afferents, which serve as parallel sensory inputs to report hair movement. High Merkel-cell
densities were sometimes also observed along digit tips and at knuckles, indicating these
receptors are clustered at phalanges (Figure 4.3L). Thus, this systematic survey reveals a
differential distribution of sensory endings across the wing.
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Figure 4.3 An unusual repertoire of touch receptors innervates bat wings.
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Figure 4.3. An unusual repertoire of touch receptors innervates bat wings.
(A) Skin histology of bat wing and mouse limb [epidermis (e), dermis (d), hypodermis (h)].
(B) Bat DRG labeled with antibodies against neurofilament H (NFH; red) and peripherin (green).
DAPI (blue) labeled nuclei. Labeling and colors apply to B–F. See also Figure 3.4A.
(C–F) Immunohistochemistry of mouse limb (C) and bat wing skin (D–F). Dashed lines denote
skin surface. (C) Keratin 8 (Krt8) antibodies (cyan) labeled mouse Merkel cells adjacent to a
guard hair (arrowhead). (D) Krt20 antibodies (cyan) labeled bat Merkel cells around a wing hair
(arrowhead). (E) Free nerve ending. (F) Knob-like ending. Scale applies to C–F.
(G) Schematic of wing areas.
(H–J) In vivo FM1-43 injections labeled (H) diffuse endings (asterisk) (I) lanceolate endings and
(J) sensory neurons similar to mouse Merkel-cell afferents (see also Figure 3.4B–D).
(K–L) Merkel cells were surveyed using whole-mount Krt20 immunostaining of 12 wing areas
(see Figure 3.4E). Merkel cells were found near hairs (K) and along fingertips (L).
(M) Sensory ending density at wing areas defined in (G). [N=4 wings from four bats (diffuse and
punctate), N=4 wings from three bats (Merkel cells)]. Punctate endings and Merkel cells were
unevenly distributed across wing areas (One-way ANOVA; P=0.0004 and P=0.002,
respectively).

Asterisks denote significance between groups by Bonferroni’s multiple

comparison test. ***P≤0.001, **P≤0.01, *P≤0.05. Bars: mean ± SEM. See also Figure 3.4E–H.
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Figure 4.4 Comparison of mouse and bat sensory neurons show conserved receptor types and
differential densities across the bat wing.
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Figure 4.4. Comparison of mouse and bat sensory neurons show conserved receptor types
and differential densities across the bat wing.
(A) Immunohistochemistry of a mouse DRG labeled with antibodies against Neurofilament H
(NFH; red), which marks myelinated neurons, and peripherin (green) which labels smalldiameter neurons in mouse DRGs. By contrast, peripherin uniformly labeled all somatosensory
neurons in bat DRGs (Figure 3.3B).
(B) FM1-43 labeling of diffuse ending (asterisk) compared with two punctate hair receptors
(arrows) in an intact bat.
(C) Whole-mount immunohistochemistry of lanceolate and circumferential endings, visualized
with NFH antibodies, around a mouse tylotrich hair (arrowhead).
(D) A cluster of mouse Merkel cells and their afferent (labeled with Krt8 and NFH antibodies,
respectively) adjacent to a hair follicle.
(E) Twelve defined wing areas were imaged for receptor density measurements.
(F) Quantification of FM1-43 labeled diffuse receptors (left; *P=0.017) and punctate hair
receptors (middle; ****P<0.0001) and on skin overlying bone versus skin membrane. [N=4
wings from 4 bats]. Analysis performed using Students two-tailed t test. (right) Quantification of
the size of Merkel-cell clusters by anatomical area on the wing was analyzed by a one-way
ANOVA, P=0.0008. L: leading edge, M: mid-wing, T: trailing edge. [N=4 wings from 3 bats],
Asterisks indicate significance between groups after Bonferroni’s Multiple Comparison Test,
**P≤0.01. Bars: mean ± SEM.
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In multi-unit recordings of cortical representations of hair responses, we found that
airflow stimulated hair responses preferentially in the caudal to rostral direction (SterbingD'Angelo et al., 2011). The same directional selectivity is observed in mice Ad lanceolate
endings, and the morphological basis of this selectivity was shown to be dependent on the
polarization of the lanceolate endings to the caudal side of the hair (Rutlin et al., 2014). We
asked whether this morphology was also present in bat lanceolate endings. We observed two
types of lanceolate endings: the first has very short protrusions and completely encircled hairs
(Figure 4.5A), but the second type had longer, finger-like protrusions that were polarized to one
side of the hair (Figure 4.5B). There are two hair sizes on the wing (Sterbing-D'Angelo et al.,
2011). The non-polarized lanceolates surround smaller hairs, whereas polarized endings were
associated with larger hairs. Thus, we conclude that the morphology of a subset of wing hair
receptors might endow them with directional selectivity at the level of the primary afferent.
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Figure 4.5 Two lanceolate ending types observed in the bat wing.
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Figure 4.5 Two lanceolate ending types observed in the bat wing. Lanceolate endings in E.
fuscus wing skin labeled by FM1-43 injection.
(A) Projection of a lanceolate ending that completely encircles a small wing hair, and
(B) Projection of a lanceolate ending that is polarized to one side of a larger wing hair. To
visualize the polarization, a lookup table that was color coded by depth was applied to the image
stack before creating a z-projection. The color scale represents a stack depth of 1 (green) to 25
(red). Lanceolate endings are visible in layers 5–11 and do not encircle the hair shaft. Scale
applies to both images.
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Cortical representation of tactile inputs
To determine how wing sensory inputs are encoded in cortex, we performed in vivo
single-unit recordings from neurons in primary somatosensory cortex (SI; Figure 4.6A). When
wings were stimulated with spatially restricted (<1 cm2), 40-ms air puffs, neuronal response
duration varied from 1–50 ms and displayed sparse firing patterns (Figure 4.6B–D), typically 1–
3 spikes per stimulus (Figure 4.6E–F). Tactile responses to calibrated monofilaments were also
tested in ten airflow-sensitive sites. We observed a high correspondence of responses to airflow
and light touch (Figure 4.6C), suggesting that airflow and tactile stimulation activated common
neural pathways. Airflow responses were similar under Isoflurane (Figure 4.6B) and KetamineXylazine anesthesia (Figure 4.6D), indicating that sparse firing is not an epiphenomenon of
Isoflurane anesthesia. Analysis of airflow-evoked responses showed decreased onset latency, but
little change in spike counts, as a function of stimulus intensity (Figure 4.7). These findings
suggest that bat SI cortex uses a sparse temporal onset code to guide wing adjustments during
fast, dynamic flight.
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Figure 4.6 SI neuronal response to airflow is encoded by onset latency rather than spike times.
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Figure 4.6. SI neuronal response to airflow is encoded by onset latency rather than spike
times.
(A) Schematic of in vivo neurophysiological recordings.
(B) Raster plots (top) and post-stimulus time histograms (PSTH, bottom, 1-ms bins) of singleunit responses from three example neurons. Gray bars: stimulus duration
(C) Responses of three neurons to airflow (top) and tactile stimulation (bottom). Responses were
aligned to the first post-stimulus spike.
(D) Airflow responses of three representative neurons recorded under ketamine-xylazine
anesthesia.
(E) Distribution of mean spikes/trial across all neurons (N=35) and stimulus conditions. See also
Figure 3.5.
(F) Distribution of number of spikes elicited by air puffs for sampled neurons (N=35) pooled
across all stimuli.
Adapted from figure © Mohit Chadha 2014. Used with permission.

Recordings performed by S.J.S. and M.C.

144

Figure 4.7 Plots of single-unit responses as a function of airflow intensity from 12
representative SI neurons.
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Figure 4.7.

Plots of single-unit responses as a function of airflow intensity from 12

representative SI neurons.
(A) Bubble plots of spike counts. The size of each circle represents the number of trials with
corresponding number of spikes.
(B) Scatter plots of spike latency with reference to stimulus onset. Note that points were jittered
along both axes for ease of visualization.
© Mohit Chadha 2014. Used with permission.

Recordings performed by S.J.S. and M.C.
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Summary maps of SI receptive fields and receptor distributions provide insights into
somatosensory specializations that have evolved in the bat’s multifunctional forelimbs to guide
motor behaviors (Figure 4.8). The receptive fields of SI neurons, which varied from punctate on
the thumb to large on wing membranes, might reflect innervation of multiple hair follicles by
single afferents (Li et al., 2011), multiunit responses or cortical integration of many sensory
neurons. Multiunit SI responses to tactile stimuli (Figure 4.8A–B; Chadha et al., 2011) and
airflow-sensitive single-unit responses (Figure 4.8C) were distributed across wing locations;
however, studies of airflow over flying bats’ wings reveal dramatic differences in airflow
patterns at different wing sites. For example, large vortices on the leading edge are important to
enhance lift (Muijres et al., 2008). Notably, SI units with the lowest thresholds, comparable to
the human fingertip, were prominent along the leading edge (Figure 4.8C), where hairassociated receptors and Merkel cells were anatomically enriched (Figure 4.8D–E). Merkel cells
were most abundant on phalanges (Figure 4.8D). Diffuse endings were enriched in the
dactylopatagium wing membrane (Figure 4.8F) in a pattern complementary to hair receptors.
These distribution maps reveal wing regions that are functionally and anatomically specialized
for tactile inputs.
Bats comprise the second largest order of mammals with species that live in varied
ecological niches, so we next asked if the distribution of hair receptors differed between species.
We acquired multiple bat species that take advantage of different food sources in the Belizean
jungle. We injected FM1-43 in vivo to label receptor end organs as done for E. fuscus. Our
preliminary observations revealed high variance in the location and density of hair receptors
among species. These differences are evident at low-magnification comparisons of the third
digit, which corresponds to the wing tip (Figure 4.9). Wings from Desmodus rotundus, the
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vampire bat, had very sparse hairs with no visible FM1-43 labeling (Figure 4.9A). By contrast,
the insectivore Pteronatus parnellii displayed bright labeling from dense arrays of hairs that
were exceptionally polarized along the wing’s finger bones (Figure 4.9B). This remarkable line
of hairs was far denser on the rostral than the caudal side of the finger bones. Even more
surprisingly, rather than simply lining a single side of the bone, this pattern shifted at the most
distal digit of the third finger. At this joint, the bone naturally angled inwards, and the line of
hairs switched sides to maintain rostral density. The frugivore Sturnira lilium also displayed
hairs along the wing bones in an intermediate density and label brightness, and hairs lined both
sides of the wing bones (Figure 4.9C). Thus, bat species display dramatic differences in both the
localization and density of wing tactile receptors.
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Figure 4.8 Response properties of SI cortical neuron receptive fields and peripheral receptor
densities.
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Figure 4.8. Response properties of SI cortical neuron receptive fields and peripheral
receptor densities.
(A–B) Receptive field sizes and response thresholds for multiunit SI neurons responding to
tactile stimulation. Colors correspond to von Frey thresholds.
(C) Receptive field locations for air-puff sensitive single units. Grayscale indicates mean spikes
per trial.
(D–F) Density maps of anatomical sensory endings.
Maps A-C made by S.J.S.
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Figure 4.9 Bat species display varied hair receptor densities and localizations
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Figure 4.9 Bat species display varied hair receptor densities and localizations.
FM1-43-labeled bat wings show areas of brightness around hair follicles.
(A–C∫) The fourth digit tip in three species that make use of different ecological niches and food
sources: (A) mammalian blood, (B) insects, and (C) fruit, and show dramatically different
receptor localizations. Asterisks denote autofluorescence from bone. Arrowheads point to hair
receptors.
(D–F) Images from along different sites of distal wing bones of P. parnelli, showing the
polarization of hair receptors to the rostral (R) versus caudal (C) side of the bone.
(G) Outline of P. parnelli wing showing locations of images D–F, as well as the sharply angled
distal phalange of the fourth digit.
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DISCUSSION
The anatomical and functional analysis presented here sets up a system that can be used
to discover paradigms for how coherent neural circuits form in appendages that derive from
multiple embryonic regions. Our observations demonstrate that the evolutionary progression that
gave rise to the bat wing membrane has resulted in atypical somatosensory inputs, which have
been co-opted to enhance flight control (Sterbing-D'Angelo et al., 2011). Consistent with this
notion, both cranial and cervical motor neurons innervate the propatagium, which evolved
independently in birds, bats and gliding mammals (Chickering and Sokoloff, 1996; Thewissen
and Babcock, 1991). Thus, vertebrate nervous systems have flexibly adapted to accommodate
anatomical specializations for flight.
Our findings suggest that the ontogeny of the wing gives rise to the development of
unusual tactile circuitry. Whereas the segmental organization of motor neurons is similar to other
mammalian forelimbs, sensory innervation by mid- to lower-thoracic DRGs has not been
reported in dermatome maps. This expanded innervation is not simply due to the enlarged size of
the wing. Instead, mammals with larger forearms typically have larger sensory ganglia at
brachial levels, rather than an extended innervation range. For example, in proportion to their
body size, primates have larger forelimbs than rodents, yet spinal levels innervating forelimbs in
these species are similar: C4–T2 in rats (Angelica-Almeida et al., 2013; Takahashi and
Nakajima, 1996) and C5–T1 in humans (Bromberg, 2014). The innervation of the bat forelimb
extends beyond this range by six segmental levels. Moreover, focal injections demonstrated that
a localized region of the wing can be innervated by DRG neurons distributed over 11 spinal
levels. By contrast, small tracer applications in rodent limbs labeled neurons from 3–6 spinal
levels (Bacskai et al., 2013; Takahashi et al., 2003). We hypothesize that mid- and lower thoracic
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innervation in the bat derives from the trunk in development. During development, forelimb
proprioceptors require motor neuron outgrowth to find their peripheral targets but cutaneous
neurons do not (Swanson and Lewis, 1986). Thus, it is possible that the observed thoracic
innervation in bat represents cutaneous neurons from the trunk that grow to reach local targets
during development, whereas motor and proprioceptive neurons extend from upper thoracic
levels (Bacskai et al., 2013; Ryan et al., 1997; Tokita et al., 2012).
Our results also lend insight into the discontinuous organization of gracile and cuneate
nuclei reported in Chiroptera (Martin, 1993). Unlike other mammals, somatotopic
representations in brainstem nuclei of the flying fox do not preserve spatial relationships of
peripheral tissues. Instead, representations of the body’s surface are organized into bands that
intermingle the trunk, plagiopatagium, hindlimb and digits. Most notably, the back, abdomen and
side representations split the plagiopatagium representation into two parts. The observation that
mid- and lower thoracic DRGs innervate all of these body sites suggests a peripheral basis for the
unusual topography in bat gracile and cuneate nuclei. Future studies of brainstem nuclei in E.
fuscus and other bat species are needed to evaluate this hypothesis and to determine whether
organizational principles are conserved among flying mammals.
Interestingly, thalamic and cortical regions are organized somatotopically in E. fuscus
and other bats, although the forelimb representation is rotated compared with other mammals
(Calford et al., 1985; Chadha et al., 2011; Manger et al., 2001). Our results indicate the
somatotopic maps in the bat’s higher brain areas cannot be explained by peripheral innervation
patterns. Instead, somatotopic maps are likely to be refined through central mechanisms that
control projection patterns between brainstem and thalamic relays (Manger et al., 2001; Martin,
1993).
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Along with neuronal specializations, wing evolution has resulted in unusual skin features.
For example, Merkel cells were juxtaposed to almost half of wing hair follicles. By contrast,
Merkel cells in the mouse coat selectively associate with guard hairs, which are the least
prevalent hair type. We propose that the evolutionary loss of drag-inducing coat hairs on the bat
wing can account for both the sparse distribution of wing hair follicles and high percentage
associated with Merkel cells. Another unusual feature is that hair follicles appeared in all wing
areas, including the ventral thumb, a region that is covered with glabrous skin in other mammals.
Developmental studies of bat wings indicate that negative regulators of Bone Morphogenetic
Protein (BMP) signaling during limb formation provide an anti-apoptotic signal that results in
interdigital webbing (Weatherbee et al., 2006). In mice, inhibiting BMP signaling triggers
ectopic hair growth on glabrous skin (Mayer et al., 2008); therefore, the anti-apoptotic
mechanisms that govern wing membrane formation might also account for its unusual hair
localization.
Hair-follicle receptors are proposed to serve as biosensors to detect changes in boundarylayer airflow and provide feedback to prevent stall (Dickinson, 2010; Sterbing-D'Angelo et al.,
2011). Detection of hair deflection is consistent with the function of lanceolate endings in other
species, but our findings suggest an unconventional role in the context of flight: airflow sensing.
We found that around some hairs, lanceolate endings were polarized, which could confer
directional selectivity at the level of the primary sensory neuron, as they do in mice. In mice,
different hair follicle types are innervated by distinct receptor complements; therefore, individual
hairs serve as units of multi-modal tactile integration (Li et al., 2011). Similarly, we found that
some hair follicles were associated with both lanceolate endings and Merkel cells. Interestingly,
mouse hair receptors with overlapping receptive fields form columnar projections in the dorsal
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horn of the spinal cord (Abraira and Ginty, 2013). Defining the projections of wing tactile
receptors and the circuitry by which they impinge on the motor system are important areas for
future investigations.
The distribution of sensory endings across the wing indicates that tactile specializations
could support distinct sensory-guided behaviors. For example, Merkel cells were concentrated on
the phalanges, where they could provide information about surface features during climbing and
food handling. This is consistent with their role in encoding object features in other mammals
(Johnson et al., 2000). Based on the enrichment of diffuse endings in skin membranes, we
propose that these receptors detect skin stretch and changes in wing camber. The identity of
diffuse endings was not discernable from in vivo labeling; however, based on location and size,
we hypothesize that they correspond to end-knobs observed in cryosections. The localization of
end-knob receptors in hairy skin might be a specialization of the wing membrane, which is
subjected to turbulent forces during flight (Muijres et al., 2008). DRG recordings are needed to
confirm the functional identities of the bat wing’s somatosensory receptors.
Recordings from supragranular SI cortex revealed that tactile information produced by air
puff stimulation of the wing surface is carried by a sparse temporal “onset-only” code, with little
change in spike counts as a function of stimulus intensity. The tactile stimulation a bat
encounters during flapping flight is complex and contains high-frequency fluctuations. Our data
indicates that spike timing might play a role in processing of such spectrally complex, highfrequency stimuli. Under this type of stimulation, SI activity in the bat must be regarded as
rapidly-adapting, despite the presence of Merkel cell-neurite complexes, which are slowly
adapting receptors in other mammals (Iggo and Muir, 1969; Woodbury and Koerber, 2007). This
does not necessarily indicate that these receptors fail to contribute to the response observed in SI.

156

In the rodent whisker system, rapidly and slowly adapting inputs converge on second order
neurons, suggesting pre-cortical processing (Sakurai et al., 2013). Moreover, tactile features that
activate both rapidly and slowly adapting inputs are represented by sparse temporal encoding in
the somatosensory cortex of awake, behaving rodents (Jadhav et al., 2009; Szwed et al., 2003).
Finally, sparse coding in upper layers of the cortex is found across many sensory stimulus types
and recording conditions, so this could reflect our electrode position in the cortex (Olshausen and
Field, 2004). The concordance between cortical response profiles to touch and air puffs indicate
that these stimuli are processed by the same neuronal pathways in bats. Thus, although the
peripheral organization of somatosensory inputs differs in bats and rodents, some cortical
encoding mechanisms appear to be conserved. An intriguing question for future study is how
these somatosensory signals are integrated with motor circuits to guide behaviors that underlie
the bat’s diverse repertoire of forelimb-dependent functions.
Although the evolution of flight has proven to be an advantageous adaptation for
Chiroptera, an open question is whether the wing’s tactile receptors provide a selective
advantage in flight. Our preliminary observations of multiple species reveals that there is
diversity in the presence and localization of wing hairs and receptors in bats. The placement and
density of hair receptors in bats that require agile flight to capture insects among foliage, a feat
performed by P. parnelli, could have evolved to optimize mid-air prey hunting. By contrast, bats
that simply land on large land mammals to feed on a blood source, like D. rotundus, do not
require mid-air agility. Thus, we conclude that evolutionary pressures related to the specialized
ecological niches and food sources have shaped very different tactile specializations on the wing.
Chiroptera represents about 20% of all mammalian species, which provides rich fodder for
comparing the behavioral consequences and functional organization of wing sensorimotor
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circuitry across species and further test this hypothesis. Further studies are needed to understand
the evolutionary benefits of the bat wing’s somatosensory specializations.

158

EXPERIMENTAL PROCEDURES
All procedures complied with the Institutional Animal Care and Use Committees of the
University of Maryland and Columbia University Medical Center. Extended methods include
details of immunohistochemistry, in vivo neuronal labeling, cortical electrophysiology and data
analysis. Statistical comparisons were made with ANOVA or Student’s two-tail t tests as noted.

Experimental Animals
Twenty adult insectivorous bats (Eptesicus fuscus) weighing 16–22 g were used for this
study. Bats were wild-caught in Maryland under a permit issued by the Maryland Department of
Natural Resources (#55440), housed in a vivarium at the University of Maryland under reversed
12 h light/dark conditions and given food and water ad libitum. Mouse tissue was harvested
from four female Atoh1/nGFP transgenic mice (8–10 weeks of age).

All experimental

procedures followed National Institute of Health guidelines and were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of Maryland or
Columbia University Medical Center.

Cholera toxin B labeling
Cholera toxin B conjugated to AlexaFluor 488, 594 or 647 (Molecular Probes) was
dissolved in sterile PBS at 4 mg/ml. Six bats were anesthetized using isoflurane and depth of
anesthesia was assessed by toe pinch. While subjects were under anesthesia, focal injections of
0.7–1 µl were made into one of nine wing sites using a Hamilton syringe. Up to four injections
were performed on each wing. Injections were monitored under a dissection microscope to
ensure the tracer remained in the tissue. Seven days later, bats were sacrificed via transcardial
perfusion with 4% PFA and spinal columns were removed and fixed in 4% PFA for 20 minutes.
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Spinal cords and DRG from cervical through lumbar levels were removed, post-fixed again in
4% PFA for 20 minutes, cryopreserved in 30% sucrose, and sectioned at 25–30 µm. Every
section from each recovered DRG was imaged and at least every other section from cervical
through the entire thoracic spinal cord was visually inspected at appropriate wavelengths.
Images were captured in three dimensions with laser scanning confocal microscopy (Zeiss
exciter confocal microscope equipped with a 20X, 0.8NA objective lens).
Spinal levels were grouped in twos to represent our minimum level of resolution when
DRGs were removed from the vertebral column. DRGs were assigned the vertebral level from
which they were dissected. Spinal cords were transected at C2, T2, T6 and T11 to yield three
partitions (C2–T1, T2–T5, T6–T11).

After fixation and cryoprotection, each partition was

serially sectioned onto n microscope slides. The vertebral level of motor neurons on each slide
was estimated as follows:
𝐿7 =

𝑖∗𝑝
𝑛

Where 𝐿7 is the vertebral level of slide i, p is the number of vertebral levels in the
partition, and n is the total number of slides from that partition. For example, consider a labeled
neuron located in the second spinal partition (T2–T5; p=4). If this labeled neuron was on the
second slide of ten (i=2, n=10), the estimated vertebral level is ≤1, so the labeling was assigned
as T2, the first vertebral level represented. Thus, our spinal level estimates assumed that levels
within a partition were of equal size.

Immunohistochemistry
Mouse skin was shaved, depilated (Surgi-cream) and dissected from the proximal hind
limb. DRGs were freshly dissected from lumbar levels. Mouse skin and DRGs were fixed in
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4% paraformaldehyde (PFA) for 20 min. Bat wing skin was fixed in 4% PFA for 15 min. For
H&E staining, tissue with further fixed in 70% ethanol. For immunohistochemistry in tissue
sections, tissue was cryoprotected in 30% sucrose, frozen and sectioned at 20-µm thickness.
Cryosectioned tissue was labeled overnight with primary antibodies against Krt20 (Abcam:
ab15205, 1:50), Krt8 (Developmental Studies Hybridoma Bank: TROMA-I, 1:100), Peripherin
(Abcam; ab4666, 1:500) and/or Neurofilament H (Abcam: ab4680, 1:1000). Secondary goat
AlexaFluor-conjugated antibodies (Invitrogen) directed against rat (Alexafluor 594; A11007),
chicken (Alexafluor 647; A21449) or rabbit (Alexafluor 488; A11008) IgG were used for 1 h at
room temperature.
We used whole-mount immunostaining to visualize Merkel cells and sensory end organs
in the intact skin as previously described (Lesniak et al., 2014).

Briefly, tissue was

permeabilized with 0.1% TritonX-100 and incubated in primary antibodies from 48-72 h and
secondary antibodies for 48 h.
Immunoflourescence imaging was performed according to published methods (Lesniak et
al., 2014) with laser scanning confocal microscopy (Zeiss exciter equipped with 20X, 0.8NA and
40X, 1.3 NA objective lenses). H&E sections were imaged by brightfield microscopy (Zeiss
Axioplan2 equipped with 10X, 0.45 NA lens).

In vivo FM1-43 labeling
FM1-43 (Biotium; #70020) was diluted at 2 mM in sterile PBS and injected
subcutaneously at 2.5 µl/g body weight (Meyers et al., 2003). Tissue was harvested 18 h after
injection, fixed in 4% PFA for 15 min and visualized in whole-mount by epifluorescence
microscopy using 2X, 0.08 NA and 10X, 0.3 NA objective lenses.
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Receptor Density Analysis
To quantify hair receptors and diffuse endings, epifluorescent images were taken of four
whole-mount bat wings from four separate animals after in vivo FM 1-43 injections. Four wings
from three bats were used for whole-mount immunostaining of Merkel cells. All statistics
reported are from student’s two-tailed t tests.
Twelve locations across the wing were used as representative areas to investigate receptor
density (Figure 4.4E). For Merkel-cell staining, specimens measuring approximately 40 mm2
were taken from each defined location. Bones were removed to facilitate mounting skin tissue
on slides. One to ten images were taken of each skin specimen. For FM1-43 labeled receptors,
one to ten images were taken in each of the 12 defined skin locations on the intact wing. We
quantified hair receptors by their association with FM1-43 puncta. End organs were quantified
using Image J by two independent observers to calculate density. Images from all bats were
grouped together by location and averaged to obtain a mean for each of the 12 locations. These
means were used to formulate density maps for each receptor type (Figure 4.7D–F).

For

quantification by gross anatomical area, images were grouped by their location on the leading
edge, mid-wing, or trailing edge (Figure 4.3G). Receptor density from all of these images was
averaged for each anatomical location to obtain density across gross wing areas for each receptor
type (Figure 4.3M). In a separate analysis, densities for all areas on either bone or membrane
were averaged. Densities of bone and membrane were both included when calculating by
anatomical area.
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Surgery and neurophysiology
At least 1–3 days prior to initiating neural recordings, a custom stainless steel headpost
(diameter 2 mm, length, 20 mm) was glued to the skull using cyanoacrylate glue (Loctite 4161)
along the midline just rostral to bregma. Surgeries were performed under Isoflurane anesthesia
(1–3%, 750 cc/min O2). Most neural recordings were done under Isoflurane anesthesia except
for a subset of data obtained using ketamine-xylazine (intramuscular, standard dosage of
52.4 mg/kg). Body temperature was maintained at 37°C by placing the animal on a heating pad,
and breathing was monitored at 15-min intervals. Standard sterile surgical procedures were
followed throughout the experiment.
The skull-attached head-post was used to secure the bat to a vibration isolation table
(Kinetic Systems) and a small craniotomy (approximately 1.5 mm x 1.5 mm, enlarged as needed)
over the parietal cortex allowed access to SI (Big brown bat stereotaxic brain atlas, E. Covey,
University of Washington). The dura mater was left intact, and sterile saline/silicone oil (DC
200, Fluka Analytical) was used to prevent desiccation.
Single neuron recordings from SI were acquired using a 16-channel linear probe with
four recordings sites separated by 50 µm and arranged vertically on four shanks (Neuronexus
Inc.). A silver wire inserted under the scalp/muscles of mastication served as a reference
electrode.

The recording probe was attached to a micromanipulator (Mitutoyo America

Corporation), oriented perpendicularly and lowered into the cortex until all the recording sites
were in the grey matter (~400 µm). Recordings lasted 2–6 hours and each animal underwent 4–
12 recording sessions spread over a period of 1–4 weeks. At the conclusion of recordings, bats
were euthanized with an intraperitoneal injection of sodium pentobarbital (0.1 ml, 390 mg/ml),
and wings and vertebral column harvested for immunohistochemistry and microscopy.Multiunit
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recordings from SI neurons were as described (Chadha et al., 2011). Receptive fields were
mapped with von Frey filaments to estimate mechanical thresholds and receptive field sizes. The
receptive fields of SI neurons, which varied from punctate on the thumb to large on wing
membranes, might reflect innervation of multiple hair follicles by single afferents (Li et al.,
2011), multiunit responses, or cortical integration of many sensory neurons.

Tactile and airflow stimulation
With the recording electrode(s) in SI, tactile receptive fields on the wing were localized
by means of handheld calibrated monofilaments (von Frey filaments, North Coast). Stimulation
consisted of pressing the monofilaments perpendicular to the dorsal wing membrane until they
bent, at which point they were removed. Neuronal thresholds were determined based on the
lowest weighted filaments that elicited a cortical response.
Airflow stimuli were generated using a fluid dispensing station (Ultra 2400, Nordson
EFD) that allowed control over the duration and intensity of air puffs. The dispensing station
was connected to a tank of compressed nitrogen gas and stimuli were delivered using a series of
flexible tubes connected to a 14-g blunt needle, placed 3 mm away at 45° inclination from the
dorsal wing surface. Stimuli were repeated 20–26 times at 5-s intervals. Similarly to tactile
stimulation, neural thresholds were determined by the lowest airflow intensity that elicited a
response.

Electrophysiology data collection and analysis
Activity from single neurons was acquired using 16-channel linear electrode arrays,
connected via a unity gain head-stage to a data acquisition system (Omniplex D System, Plexon
Inc.). Neural data was digitized at 16-bit resolution, sampled at 40 kHz, amplified 200-1000X
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and band-pass filtered at 500-5000Hz. Start of data recording was done via a dedicated PC
terminal, and a TTL pulse was used to trigger and time-stamp the onset of stimulus delivery.
With the animal under Isoflurane anesthesia, spontaneous activity was rarely observed,
which allowed us to precisely delineate and quantify the spike trains evoked in response to
stimulation.

Spike waveforms and timestamps of extracellularly recorded potentials were

extracted using commercially available software (Offline Sorter v.3, Plexon Inc.). Single unit
discrimination was achieved using thresholding, template matching, principal-component
analysis of waveforms and the presence of absolute refractory period in inter-spike interval
histograms. Further analysis on spike timestamps was done in MATLAB (version R2012a, The
Mathworks Inc.).
A subset of neurons (N=11) were recorded under Ketamine-Xylazine anesthesia to rule
out Isoflurane-specific effects on neural response profiles. Variable spontaneous firing was
evident with Ketamine-Xylazine but airflow responses of SI neurons were similar to those
observed under Isoflurane anesthesia. While anesthesia may have an impact on cortical firing,
data from awake, behaving rats confirms that tactile encoding in S1 is sparse even without
anesthesia. For rats scanning a complex texture, slip-stick motion events from their whiskers
were encoded by only one or two low-probability spikes in S1 neurons. (Jadhav et al., 2009).
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Chapter 5

General Discussion

Touch is essential for the survival of mammals. The importance of this sense is evident
in the manifold mechanosensory cell types and end organs that have evolved to serve various
tactile functions. This diversity in the mammalian family of touch receptors is carried from the
subcellular level up to the organismal level: the modular structural features of individual
receptors enables adjustments in sensitivity, the plasticity of these receptors allows for
maintenance of innervation within a changing milieu, and the localization and organization of
receptor subtypes has evolved through evolutionary pressure to serve unique functions in
different species.
This work has outlined new paradigms for understanding how peripheral structures
govern sensory function. The data from Chapter 2 have revealed structural diversity within just a
single tactile receptor subtype, which could enable fine control of receptor function at the singlecell level. The adage that “form follows function” could be rephrased from this work into “form
dictates function”. Future studies will assess how the nervous system can take advantage of this
modular, flexible receptor plan to optimize signaling.
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Dramatic, rapid receptor remodeling in the skin in the absence of injury or disease was
shown to accompany healthy skin renewal in Chapter 3. The remarkable sensory envelope of the
skin must continually renew, but this is the first description of a homeostatic mechanism of
sensory receptor plasticity in the healthy skin. The extent, frequency, and purpose of tactilereceptor remodeling, as well as the molecular and cellular mechanisms that drive this process,
will be essential future areas of investigation. Moreover, this system provides a new context to
ask how the central nervous system adapts to changes in the periphery.
Lastly, the striking flexibility of the peripheral nervous system is most pronounced when
looking beyond single organisms, and observing the somatosensory system on an evolutionary
time scale. Nature has evolved myriad patterns of innervation to achieve new functions in
tactile-guided behaviors among mammalian species. The diverse repertoire of mammalian touch
receptors and their somatosensory organization can help us understand how different species
utilize their array of tactile senses.
Together, these studies set the stage for future work delineating a wide range of
processes, from the molecular controls of neuronal plasticity up to the circuits governing tactile
integration during complex behaviors like flight.
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