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Abstract 
 We live in a world filled with nearly constant tactile stimuli, and our perceptions of 

and responses to these stimuli shape our many interactions. Processing the incredible 

diversity of tactile stimuli requires a wide array of specialized sensory neurons in the 

skin which pattern their peripheral receptors and central connections in a highly 

organized manner. The faintest stimuli we encounter are detected by a category of 

sensory neurons called follicle-innervating low-threshold mechanoreceptors (LTMRs). 

These specialized neurons form mechanosensory endings around hair follicle shafts in 

the skin, detecting hair movement, skin stroking, and skin indentation. In mice, these 

neurons are divided into three families based on their response to stimuli, their 

conduction velocity, and more recently, their expression of various molecular markers. 

Each family of LTMR neuron forms a receptive field in the skin, innervating a 

constrained number of hair follicles in adult animals. Recent work on these neurons has 

shown that all three subtypes of follicle-innervating LTMR tile in a pattern which 

prevents multiple same-subtype neurons from innervating the same hair follicle. This 

spatially tiled organization is essential for localization of stimuli on the body and for the 

receptive tuning of these neurons, but no mechanism exists which explains how 

neighboring same-subtype LTMR receptive fields interact to determine the hair follicles 

innervated by each neuron’s receptive field. 

 Studies from invertebrate and non-mammalian animals have suggested dermal 

and epidermal innervation patterning is regulated through multiple molecular pathways 

and self-recognition signals. This results in a balance of attractive and repulsive cues 

which restrict neurons to innervating a constrained region of the body. 



 xi 

In this dissertation, I use a suite of molecular and conditional genetic tools to 

explore the development of follicle-innervating LTMR neurons in mice. I also address 

the hypothesis that LTMR receptive fields tile homotypically through a mechanism that 

is linked to population density. Using a neural overpopulation model driven by knockout 

of the pro-apoptotic protein Bax I assessed the changes in the number of hair follicles 

innervated by each LTMR neuron. I show that follicle-innervating LTMR neurons are 

present in the skin shortly after birth and develop their follicle-innervating nerve endings 

during the first two postnatal weeks. Additionally, I show that knockout of Bax increases 

the population of DRG neurons and that some follicle-innervating LTMR neurons adjust 

their receptive fields to accommodate this increase in populations, while others may not. 

In performing these experiments, I also developed a comprehensive series of protocols 

for immunofluorescence and histological staining of mouse skin in section and whole 

mount preparations. Finally, I present preliminary data suggesting a role for the cell 

adhesion molecule Teneurin transmembrane molecule 3 in the somatotopic 

organization of sensory neuron central projections into the spinal cord. Collectively, 

these results suggest that the organization and patterning of follicle-innervating LTMR 

receptive fields is regulated by a complex series of molecular interactions, and that 

some mechanism exists for homotypic exclusion of neurons from hair follicles in the 

developing skin.
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Chapter 1: Introduction 
Chapter Preface, General Somatosensory Anatomy 

Somatosensation, or the sense of touch is an indispensable component of an 

animal’s interactions with its environment. This sense is provided by multiple diverse 

families of neurons which detect stimuli through a combination of mechanically, 

chemically, or thermally gated ion channels and specialized, morphologically distinct 

receptive endings. In mammals, the bulk of the somatosensory neurons have their cell 

bodies located in the Dorsal Root Ganglia (DRGs), clusters of neurons and glia on 

either side of each spinal cord segment (Fig. 1). A single axon extends from the cell 

body of each neuron and bifurcates, extending one projection centrally, through the 

dorsal root and into the spinal cord. The other projection of the bifurcated axon extends 

peripherally, through the spinal nerve and into the skin and connective tissues (Rice and 

Albrecht, 2008). The centrally-projecting axon branch of each neuron forms synapses 

with interneurons and ascending neurons in the dorsal horn of the spinal cord which 

project to various brainstem nuclei (Gray and Carter, 2010). The peripherally-projecting 

axon branch of each neuron follows the spinal nerve into the periphery where it forms a 

specialized sensory ending containing ion channels. Activation of these ion channels 

causes an influx of cations and - if the stimulus exceeds the activation threshold of the 

neuron - depolarizes the neuron causing propagation of an action potential along the 

axon and into dorsal horn of the spinal cord. 
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One of the most specialized populations of somatosensory neurons is the follicle-

innervating low-threshold mechanoreceptors (follicle-innervating LTMRs). Neurons in 

this family form characteristic receptive fields of specialized endings, called longitudinal 

lanceolate endings (LLEs), around a constrained number of hair follicles in the skin (Li 

et al., 2011). Each LLE encircles a single hair follicle, extending several “palisade-like” 

protrusions towards the epidermis, parallel to the hair shaft. These protrusions contain 

mechanosensitive ion channels, such as PIEZO2, and use the hair shaft they surround 

like an antenna to amplify the faintest mechanical stimuli in the environment (Coste et 

al., 2010; Ranade et al., 2014). There are three genetically, functionally, and 

morphologically distinct populations of LLE-forming LTMRs in mice, the Aβ RA-LTMRs, 

Aδ-LTMRs, and C-LTMRs. These three populations were initially identified by their 

axonal conduction velocities and firing responses to skin indentation and hair follicle 

deflection. Modern molecular biology approaches have identified molecular and genetic 

identifiers for each of these neuronal populations allowing further exploration into their 

function and development (Sharma et al., 2020; Usoskin et al., 2015). 

Our understanding of the somatosensory system has evolved significantly over 

time. While the concept of the five “major” senses – smell, sight, taste, touch, and 

hearing – dates back at least as far as Aristotle’s De Anima (ca. 350 BCE), the first 

modern studies of somatosensation were undertaken by doctors and anatomists in the 

18th and 19th centuries (Pacini, 1835; Polansky, 2009). As our collective understanding 

of biology has advanced so has our understanding of the sensory nervous system: first 

through the gross examination of discrete mechanosensory organs in the skin, then to 

the functional classification of sensory neurons by their response properties and 
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conduction velocities, and finally the identification of discrete, genetically defined 

populations of skin innervating neurons. This modern, genetically-based understanding 

of skin innervating neurons has opened many new avenues of research including 

detailed examination of the development and organization of somatosensory neurons 

and the structures with which they interact. One major finding to arise from the genetic 

dissection of somatosensory neurons is the spatial organization of skin innervation, and 

specifically hair follicle innervation, into discrete receptive fields which tile in a manner 

excluding neighboring neurons (Bai et al., 2015; Kuehn et al., 2019; Li et al., 2011; 

Rutlin et al., 2014; Wu et al., 2012). This discrete organization is essential for the 

localization of physical stimuli on the body, the proper tuning of neuronal responses 

tostimuli, and the coordination of an animal’s reaction to stimuli. The objective of this 

dissertation is to explore how these follicle-innervating sensory neurons develop and 

organize their receptive fields in a tiled manner. Ultimately, a thorough understanding of 

the molecular mechanisms by which somatosensory neurons organize and self-regulate 

during development will inform our understanding of human conditions such as autism 

spectrum disorder, mechanical allodynia, and sensory processing disorders.  

Mammalian Somatosensory Research in The Pre-Genetics Era 
 The beginnings of our modern understanding of somatosensation, where distinct 

modalities of touch sensation are conveyed by specialized populations of neurons, arise 

from the work of multiple individuals in the 19th century. Physiologists and anatomists 

Filippo Pacini, Georg Meissner, and Friedrich Sigmund Merkel, among others, 

described the first identified cutaneous nerve endings, the Pacinian or lamellar 

corpuscle, Meissner’s or tactile corpuscle, and Merkel cells or tactile disks(Merkel, 

1875; Pacini, 1835; Wagner and Meissner, 1852). This work was followed by that of 
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Magnus Blix, Alfred Goldscheider, and Henry Donaldson who, in independent studies, 

showed that stimulation of different regions of the skin with an electrical current could 

elicit hot or cold sensations, and that these same regions were specifically sensitive to 

either hot or cold temperature stimulation (Norrsell, 2000; Pearce, 2005). In 1894, 

Maximilian von Frey proposed that skin innervation could be broken into four separate 

senses: warmth, cold, touch, and pain; and that each of these senses was detected by 

discrete spots in the skin (von Frey, 1894; von Frey, 1896). This was notable as the first 

proposal of pain as functionally separate from other somatosensory modalities (Pearce, 

2005). 

 As the 20th century began a new branch of study into skin innervation emerged, 

making use of an amplifier and recording electrode to directly measure the electrical 

discharges in a carefully prepared segment of skin with an attached nerve bundle 

(Adrian, 1926). This system allowed detailed measurements of nerve fiber 

characteristics to be made and set the stage for multiple decades of study into 

peripheral nerves. Early work using this skin-nerve preparation in both frog and cat skin 

showed a direct correlation between nerve fiber diameter, conduction velocity, and the 

magnitude of the voltage spike when the skin preparation was mechanically stimulated 

(Zotterman, 1939). Joseph Erlanger and Herbert Spencer Gasser used these 

conduction velocity and fiber diameter correlations to define electrophysiological 

categories of peripheral nerve fibers. The largest and fastest conducting nerve fibers 

were classified as Group A nerve fibers, while the narrower and slower conducting 

fibers were classified as Group B and C nerve fibers. The Group A fibers were further 

subdivided into Group Aα, Aβ, Aγ, and Aδ in descending order of size and velocity 
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(Gasser and Erlanger, 1927). It was later shown that these differences in conduction 

velocity were a result of myelination, neurons with thicker myelination have significantly 

higher conduction velocities than those with thin or no myelination (Huxley and Stämpfli, 

1949; Tasaki, 1939). As more studies on conduction velocity and nerve fiber diameter 

were performed these categories were refined and it was shown that conduction 

velocity and nerve fiber diameter increase after birth, suggesting the postnatal 

maturation of both somatosensory axons and their myelination (Blair and Erlanger, 

1933; Hursh, 1939). These classifications, which are still in use in the modern 

somatosensory neuron nomenclature, provided a foundational idea that multiple 

populations of somatosensory neurons with distinct physiological properties existed and 

play specific sensory roles, mirroring the work of von Frey and others.  

 Using the axon diameter and conduction velocity categories laid out by Gasser 

and Erlanger multiple groups began working towards describing more 

electrophysiological and morphological characteristics of somatosensory neurons. Due 

to their large size, distinct morphology, and innervation by a single neuron, the Pacinian 

corpuscle was one of the first cutaneous structures to be described in physiological 

detail. Work by Alvarez-Buylla, de Arellano, and Loewenstein showed Pacinian 

corpuscles to be responsive only to direct mechanical stimulus of the corpuscle ending, 

trigger action potentials only at the onset and offset of pressure and conduct these 

action potentials at the rate of an Aβ neuron (Alvarez-Buylla and de Arellano, 1952; 

Loewenstein, 1961). A number of studies followed, using similar techniques to analyze 

cutaneous innervation in rabbits, cats, and primates, and providing detailed 

physiological definitions, including stimulus type, receptive field area, innervation target, 
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conduction velocity, and stimulus response adaptation for 12 distinct subtypes of Group 

A somatosensory neurons (Brown and Iggo, 1967; Burgess et al., 1968; Iggo and Muir, 

1969; Perl, 1968). Separately, nonmyelinated C neurons were identified and recordings 

from isolated neurons were made by Ainsley Iggo (Iggo, 1960).  

 The first clear descriptions of sensory neurons specifically innervating hair 

follicles also appear during this period. By recording from nerve bundles while 

stimulating the hair shaft without disturbing the surrounding skin it was shown that hair 

follicles functioned as sensory receptors independent of other skin innervating neurons 

(Weddell et al., 1955). Histological studies of neurons innervating hair follicles in human 

and cat skin described two groups of nerve fibers around the follicle: an outer group 

encircling the follicle perpendicular to the direction of hair growth, and an inner group 

which runs parallel to the hair shaft and terminates near the dermal/epidermal boundary 

(Winkelmann, 1959). These studies also showed that larger hair follicles (referred to as 

tylotrich or later, guard hairs) were innervated by more nerves than smaller hair follicles 

(Bonnet, 1878). Further electrophysiological work revealed three distinct populations of 

hair follicle innervating sensory neurons based on conduction velocity and stimulus 

response properties. First, a large population of neurons innervating primarily non-

tylotrich hairs (later classified as awl/auchene and zigzag hairs) with a rapidly-adapting 

response to stimulus, a small receptive field, and a conduction velocity in the range of 

Aδ sensory neurons was described (Burgess et al., 1968; Hunt and McIntyre, 1960; 

Perl, 1968). Later, another population (initially thought to be two separate populations) 

innervating the sparse tylotrich (guard) hairs was identified (Tuckett et al., 1978). This 

population of neurons formed large receptive fields, responded only to hair follicle 
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movement, and had a conduction velocity range consistent with Aβ neurons. (Burgess 

et al., 1968; Perl, 1968). These two populations of neurons became known as the Aδ-

LTMR and Aβ RA-LTMRs in later work. The final population of LLE forming LTMR 

neurons to be described were unmyelinated, had a conduction velocity range consistent 

with C neurons, required larger stimuli than the Aβ- and Aδ-LTMR populations, and had 

small receptive fields. Despite not being shown to specifically innervate hair follicles 

until 2011, these C-LTMR neurons were shown to be an independent population of 

sensory neurons from the higher threshold C-nociceptive free nerve endings through 

electrophysiological studies relatively early in the development of the field (Iggo, 1960; 

Li et al., 2011). 

 These functional and electrophysiological definitions of the three populations of 

LLE forming, follicle-innervating LTMRs remain, relatively unchanged, as the working 

classifications for follicle-innervating neurons. The next major leap in the field of 

cutaneous sensory innervation would come with the rise of molecular biology and the 

discovery of molecular markers which could define these populations of neurons in live 

tissue through non-electrophysiological means and in fixed tissue. 

The Genetic Era of Somatosensory Research 
 The dawn of the genetic era of biology brought a new direction to the study of 

somatosensory neurons: finding molecular markers that could uniquely identify the 

neuronal subtypes that had been described through physiological and morphological 

studies. Since the 1980s, most somatosensory neuron subtypes have been defined 

either by single molecular identifiers or through combinatorial labeling approaches. The 

first molecules shown to have the potential to serve as markers for specific 

somatosensory neuron populations were the canonical neurotrophins and their 
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receptors. Shortly after the receptor tyrosine kinases trkA, trkB, and trkC were shown to 

be the canonical high affinity receptors for NGF, BDNF, and NT-3, respectively, multiple 

labs identified that cell bodies in the developing DRG show differential expression of the 

trk-family receptors (Carroll et al., 1992; Lamballe et al., 1991; Squinto et al., 1991). 

Knockout of the canonical NGF receptor trkA caused a 70-90% reduction in DRG cell 

bodies at multiple spinal cord levels. Examination of the remaining cell bodies showed 

this reduction was primarily driven by the loss of neurons with cell bodies with cross 

sectional area smaller than 175 μm2 (Smeyne et al., 1994). Depletion of NGF through in 

utero administration of anti-NGF serum caused a nearly complete loss of trkA 

expressing neurons in the DRG while leaving the trkB and trkC populations unchanged 

(Carroll et al., 1992). Knockout mice for NGF confirmed these findings, showing a nearly 

complete loss of small cell body, peptidergic neurons in the DRG (Crowley et al., 1994). 

Mice with homozygous mutations in trkB or its ligands BDNF and NT-4 both show 

significant reductions in DRG neurons, specifically loss of medium size myelinated 

neurons (Ernfors et al., 1994a; Jones et al., 1994; Klein et al., 1993). Interestingly, 

deletion of NT-4 caused a less severe loss of neurons in the DRG than deletion of 

BDNF, suggesting BDNF may compensate for the loss of NT-4 in some neurons but not 

others (Conover et al., 1995; Liu et al., 1995). Deletion of trkC or its binding partner NT-

3 resulted in loss of 50-80% of DRG neurons and a significant reduction in the 

myelinated area of the dorsal root (Fariñas et al., 1996; Klein et al., 1994). NT-3 

knockout mice also showed a complete lack of proprioceptive endings in the muscle, 

motor coordination deficits and abnormal movements, and a loss of cell bodies positive 

for a proprioceptive neuron marker (parvalbumin) but no change in the population of 
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peptidergic and nociceptive cell bodies in the DRG (Ernfors et al., 1994b). A 

comprehensive analysis of the effects of knockout of the canonical neurotrophins and 

their receptors on hairy skin innervation revealed follicle-innervating LLEs to be reduced 

in NGF/trkA and BDNF/trkB knockout animals, while knockouts of NT-3, NT-4, trkC, and 

p75-NTR showed no effect on follicle innervating LTMR neurons (Fundin et al., 1997b). 

The work defining somatosensory neuron populations by their expression of 

neurotrophin receptors was paralleled by studies examining molecular markers related 

to the specific modalities detected by each population. Nagy and Hunt identified 

markers which divided the small-diameter C fibers into two populations: those 

expressing the neuropeptides calcitonin-gene related peptide (CGRP) and substance P, 

and those which did not express neuropeptides but instead contained fluoride-resistant 

acid phosphatase and could be labeled with Isolectin-B4 (IB4), a lectin extracted from 

Griffonia simplicifolia (Nagy and Hunt, 1982; Silverman and Kruger, 1990). Following 

the identification of these labels, these two populations were shown to be functionally 

distinct through electrophysiological experiments, with peptidergic (CGRP/substance P 

expressing) neurons showing a larger response to heat than non-peptidergic (IB4 

positive) neurons (Stucky and Lewin, 1999).  

The heat response in peptidergic C fibers was driven by the capsaicin-sensitive 

ion channel TRPV1, identified in 1997, marking the first population of sensory neurons 

to be labelled by a specific ion channel related to its function (Caterina et al., 1997). As 

other Trp-family genes were identified their expression in DRG neurons was examined. 

TRPM8, a menthol activated channel sensitive to cold stimulus, was expressed in a 

population of peptidergic DRG neurons which had minimal overlap with TRPV1 
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expressing neurons (Bautista et al., 2007; Dhaka et al., 2008; McKemy et al., 2002). 

Finally, TRPA1 (previously called ANKTM1) was identified as a chemosensory channel 

which detects isothiocyanate and thiosulfinate compounds like those found in mustard, 

garlic, and onions (Bandell et al., 2004; Bautista et al., 2005; Story et al., 2003). TRPA1 

was found to be expressed in a subpopulation of TRPV1 neurons but not in TRPM8 

neurons, suggesting a role in sensitization of heat sensitive neurons after exposure to 

inflammatory or irritating chemical compounds (Bautista et al., 2006). This work clearly 

defines the peptidergic nociceptors as the population directly responsible for the 

detection of temperature stimuli and a potential major component of the inflammatory 

pain pathway.  

In parallel with the identification of the Trp-family proteins and their roles in the 

peptidergic nociceptors, the Mas-related G protein-coupled receptor (Mrgpr) protein 

family was identified and two of its members, MrgprA3 and MrgprD, were found to 

identify unique populations of non-peptidergic IB4-expressing nociceptors (Dong et al., 

2001). MrgprA3 labels a population of neurons responsive to chemically-induced itch 

but that does not trigger a pain response when stimulated at a high threshold (Han et 

al., 2013; Liu et al., 2009). MrgprD labels a population of pain and itch sensitive neurons 

which may play a role in modulating other mechanosensory and thermosensory 

nociceptors (Liu et al., 2012; Shinohara et al., 2004). Other Mrgpr-family proteins have 

been shown to have complex roles in modulating nociception, but none have been 

shown to identify distinct populations of neurons in the DRG, nor do they appear to be 

involved in the primary sensory function of the neurons (Green, 2021). 
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The final group of somatosensory neurons to have a defined molecular 

mechanism of action identified were the mechanoreceptors. While mechanoreceptive 

neurons were the first members of the somatosensory system to be described, it was 

not until 2010 that the ion channels responsible for translating mechanical force into 

electrical impulses, Piezo1 and Piezo2, were identified and cloned (Coste et al., 2010). 

Prior to this discovery, molecular identifiers that could uniquely identify some LTMR 

subpopulations were identified. Work by Pablo Brumovsky showed that a population of 

small diameter DRG neurons express tyrosine hydroxylase (TH). These TH-positive 

neurons rarely colocalize with CGRP or IB4 labeling and do not express other 

components of the noradrenergic synthesis pathway like Dopamine β-hydroxylase 

(DBH) or dopamine transporter (DAT) (Brumovsky et al., 2006). Further examination of 

the TH-positive cells showed they do not express common markers for peptidergic or 

non-peptidergic nociceptors. Skin-nerve preparation recordings from these neurons 

showed they are C fibers which respond to low-threshold mechanical stimulation of the 

skin, identifying TH as a molecular label for C-LTMR neurons (Li et al., 2011). Based on 

studies showing loss of Aδ fibers in mice lacking the TrkB ligand NT-4 it was 

hypothesized that TrkB could be used as a marker for the Aδ-LTMRs. Using a TrkB-

GFP knock-in mouse, it was shown that TrkB is expressed in a population of medium 

diameter DRG neurons which did not overlap with labeling for C-LTMRs (TH), non-

peptidergic nociceptors (IB4), or Aβ RA-LTMRs (Ret). Recordings from TrkB-GFP-

positive neurons showed Aδ conduction velocities and a response to gentle touch, 

confirming TrkB as a unique marker for the Aδ-LTMR neurons (Li et al., 2011).  
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Further identification and research into LTMR neurons would rely heavily on the 

inducible CreER/CreERT2-loxP genetic driver system. This system uses a modified form of 

a bacterial recombinase protein Cre, which recognizes and cuts DNA at a 34-mer 

sequence called a loxP site (Fig. 2) (Sauer and Du, 1987; Sauer and Henderson, 1988). 

By inserting the Cre gene at a specific locus the expression of the targeted locus can be 

assessed using Cre-dependent reporters. In the CreER and CreERT2 systems Cre 

recombinase is fused to a modified form of the mammalian estrogen receptor (Metzger 

and Chambon, 2001). This sequesters Cre outside the nucleus until the estrogen 

modifying drug tamoxifen is administered, allowing both temporal and genetic control 

over the expression of a reporter in cells. 
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The CreERT2/loxP system was essential in the discovery of subtype specific 

markers for the Aβ RA-LTMR neurons. These neurons were known from 

electrophysiological studies to innervate hair follicles in hairy skin and innervate 

Meissner and Pacinian corpuscles in glabrous skin. Unlike the Aδ-LTMRs and C-LTMRs 

which are dependent on TrkB and TrkA during development, the Aβ RA-LTMRs show 

no loss of cells due to deletion of any canonical neurotrophin or Trk-family receptor. It is 

known from previous work looking at the expression of non-Trk growth factors in the 

DRG that three of the four members of the GFR family (GFRα1, GFRα2, and GFRα3) 

were expressed in DRG neurons during development (Luo et al., 2007). These GFR-
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family of receptors bind members of the glia-derived neurotrophic factor (GDNF) family, 

and signal internally through the receptor tyrosine kinase Ret (Durbec et al., 1996; 

Trupp et al., 1996). This suggested that GFR/Ret signaling plays a role in Aβ RA-LTMR 

development and may be a target for identifying these cells. In adult mice, Ret is 

expressed in approximately 60% of DRG neurons, but during development Ret is 

primarily expressed in two sequential waves, one beginning before embryonic day 11.5 

(E11.5) and marking early-born, large diameter neurons, and another beginning at 

E15.5 and marking small and medium diameter neurons (Luo et al., 2007; Marmigère 

and Ernfors, 2007; Molliver et al., 1997). It was shown that by using the inducible 

genetic driver CreERT2 expressed from the Ret locus and early prenatal (E10.5-12.5) 

administration of tamoxifen the Aβ RA-LTMR neurons could be labeled (Luo et al., 

2009).  It was later shown that a reporter driven by the gene locus for Neuropeptide Y 

receptor 2 (Npyr2) also specifically labeled Aβ RA-LTMR neurons, and that this 

population showed no overlap with markers for C-LTMRs or Aδ-LTMRs (Li et al., 2011).  

 The advent of single cell RNA sequencing brought about a new approach to 

classify cells into distinct types using unsupervised clustering algorithms to group cells 

based on similar transcriptional profiles. The first single cell transcriptomic study of DRG 

neurons was published in 2015 on approximately 800 cells collected from adult mouse 

DRGs (Usoskin et al., 2015). Cluster analysis of transcriptomes from these cells 

revealed 5 major clusters: non-neuronal cells; cells containing transcripts for 

neurofilament heavy chain (Nefh) and parvalbumin (Pvalb) thought to be myelinated 

neurons; cells containing transcripts from genes associated with peptidergic nociceptors 

(Tac1 [substance P], Ntrk1 [TrkA], and Calca [CGRP]); cells containing transcripts from 
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genes associated with nonpeptidergic nociceptors (Mrgprd and the purinergic receptor 

P2rx3); and cells containing transcripts for tyrosine hydroxylase (Th). Subclustering of 

each of the main neuronal clusters revealed five myelinated neuron clusters, three 

nonpeptidergic neuron clusters, and two peptidergic neuron clusters. The major cluster 

containing Th could not be subclustered. From analysis of these subclusters it was clear 

that the Aβ RA-LTMRs and Aδ-LTMRs grouped into clusters distinct from each other, 

and from other myelinated neurons while the C-LTMR neurons remained 

indistinguishable from the C-nociceptor neurons. These data also provided additional 

markers for Aδ-LTMRs (Necab2) and Aβ RA-LTMRs (Calb), both calcium binding 

proteins. Another single cell RNA sequencing study, this one sequencing less cells 

(~200) but at a higher read depth to capture low expression transcripts, was published 

in 2017. The findings largely align with those of the 2015 study regarding the follicle-

innervating LTMRs, but suggests more complexity lies within the nociceptor populations 

than had been previously reported (Li et al., 2016). 

 These molecular studies on somatosensory neurons both confirm and expand 

upon the early anatomical and electrophysiological studies of skin innervation. 

Molecular identifiers have been defined for most populations of neurons reported in 

early studies, and recent analyses of transcriptomic data have suggested even more 

complexity in the nociceptive neuron populations than was previously thought. The 

genetic and molecular labeling tools developed for the follicle-innervating LTMRs have 

proven essential for continuing research into these neurons on a cellular level. 
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LTMR Neuron Class Protein Markers Genetic Markers 

Aβ RA-LTMRs Calbindin Npy2R (transgenic), Ret (embryonic) 
Aβ SA-LTMRs Unknown TrkC (embryonic) 

Aδ-LTMRs TrkB, NECAB2 TrkB (embryonic) 
C-LTMRs TH, Vglut3 Th (postnatal)  

Table 1: Summary of Genetic and Protein markers for LTMR neuron subtypes 

Anatomy and Functional roles of follicle-innervating LTMR neurons 
The identification of unique genetic and molecular markers for each follicle-

innervating LTMR neuron subtype has greatly expanded research into the function and 

anatomy of these neurons. The three subtypes of LLE forming follicle-innervating 

LTMRs share a similar pseudounipolar anatomy, originating in the DRG and extending 

a bifurcated axon into the skin and spinal cord dorsal horn. In the skin this axon 

elaborates, forming LLEs – finger-like projections parallel to the hair shaft – around a 

constrained number of hair follicles in the skin. Each LTMR subtype selectively forms 

endings around two out of the three populations of hair follicles on the mouse: Aβ RA-

LTMRs form endings around guard and awl/auchene hair follicles (~26% of hair 

follicles), while Aδ-LTMRs and C-LTMRs form endings around zigzag and awl/auchene 

hair follicles (~99% of hair follicles) (Kuehn et al., 2019; Li et al., 2011). The LLE 

projections from different LTMR subtypes interdigitate when multiple LTMR neurons are 

present at a single hair follicle forming a complex receptive ending (Li et al., 2011). 

These endings are associated with a specialized glial cell, called a Terminal Schwann 

Cell (TSC) which partially ensheaths the LLE projections and form an interface between 

the LLE and the epithelial cells of the hair follicle (Li and Ginty, 2014). These TSCs are 

necessary for the maintenance of LLE projections as ablation of TSCs in adult animals 

led to degeneration of follicle-innervating nerve endings within 2-3 weeks, while 
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axotomy leading to hair follicle denervation did not affect TSC morphology over the 

same period (Li and Ginty, 2014). 

In addition to targeting different populations of hair follicles, each follicle-

innervating LTMR subtype has distinct responses to stimuli and receptive field 

morphologies. Several studies have leveraged CreER/loxP and other genetic labeling 

systems to sparsely label individual neurons from LTMR populations to examine these 

differences in detail. Experiments using the inducible genetic driver RetCreERT2 and the 

genetically driven fluorescent reporter Npyr2-GFP showed that Aβ RA-LTMRs form 

large receptive fields with sparse LLEs, innervating approximately 20 hair follicles over 

0.75 mm2 of skin in adult animals (Meltzer et al., 2022b preprint). In vivo and ex vivo 

skin-nerve preparation recordings from Aβ RA-LTMRs have on average conduction 

velocity greater than 26 m/s, respond to skin indentation by firing short action potential 

bursts at the onset and offset of light pressure (0.07 mN), and fire in response to hair 

follicle deflection caused by skin stroking (Bai et al., 2015; Li et al., 2011). 

 The expression of TrkB in Aδ-LTMRs and their dependence on BDNF signaling 

for survival has led to several important findings about this population of LTMRs. Using 

the TrkBCreERT2 genetic driver line to sparsely label receptive fields in the skin showed 

that Aδ-LTMRs form compact receptive fields, innervating approximately 35 hair follicles 

over 0.4 mm2 of skin (Meltzer et al., 2022b; Rutlin et al., 2014). Skin-nerve preparation 

recordings from Aδ-LTMRs, done using a TrkB-GFP knock-in mouse line, have shown 

them to conduct action potentials with a velocity greater than 5 m/s but slower than 30 

m/s, and like the Aβ RA-LTMRs fire short bursts of action potentials at the onset and 

offset of light pressure to the skin (Koltzenburg et al., 1997; Li et al., 2011). Further work 
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on Aδ-LTMR neurons has shown preferential firing of action potentials in response to 

skin stroking and hair follicle deflection rostrally, against the direction of hair growth. 

This is  primarily due to the formation of LLE projections on only the caudal side of each 

hair follicle, unlike the Aβ RA-LTMRs and C-LTMRs which form projections 

symmetrically around the hair shaft. This asymmetrical structure arises due to BDNF 

expression only on the caudal side of the follicle and is necessary for the direction 

selective activity (Rutlin et al., 2014). 

 Sparse labeling studies using the THCreER genetic driver showed, for the first 

time, that C-LTMR neurons formed LLEs around hair follicles, not just free nerve 

endings as had been previously described (Li et al., 2011). The C-LTMRs form the 

smallest LTMR receptive fields, innervating approximately 18 hair follicles over 0.3 mm2 

of skin (Bai et al., 2015; Li et al., 2011). Skin-nerve preparation and patch clamp 

recordings indicate C-LTMRs have  the slowest conduction velocity of the follicle-

innervating LTMRs (<2 m/s) and fire action potentials continuously during the 

application of skin pressure and skin stroking, suggesting a more intermediate or slow 

adapting physiology than the other LTMR subtypes (Li et al., 2011; Seal et al., 2009). 

 While the Aβ RA-LTMR and Aδ-LTMR populations appear to have 

straightforward roles as detectors of gentle skin stimulation, the unique physiology of 

the C-LTMRs has led to speculation about their possible role in injury-induced 

hypersensitization and pleasurable touch signaling. In addition to selectively expressing 

tyrosine hydroxylase, C-LTMRs uniquely express Vglut3, a vesicular glutamate 

transporter (Seal et al., 2009; Usoskin et al., 2015). Vglut3 knockout mice show no 

change in sensitivity to heat, cold, and gentle mechanical stimuli (e.g., brushing or 
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stroking), but do show reduced sensitivity to high threshold mechanical stimuli (e.g., tail 

and toe pinch), inflammatory pain hypersensitivity, and post-injury hypersensitivity (Seal 

et al., 2009). In addition to this role in hypersensitization of nociceptors after injury, C-

LTMRs have also been suggested as the mechanosensory neurons responsible for 

encoding pleasurable touch. A population of C-LTMRs expressing Mrgprb4 contain the 

mechanosensitive ion channel PIEZO2 and respond to brushing but not pinch stimuli, 

though it remains unclear if this population of neurons innervates hair follicles with LLEs 

like the follicle-innervating LTMR neurons  (Liu et al., 2007; Vrontou et al., 2013; 

Yamaguchi and Otsuguro, 2017). Chemogenetic activation of these neurons with 

Designer Receptors Exclusively Activated by Designer Drugs (DREDDs) done in a 

three-chamber place preference assay did show a significant increase in time spent in 

the MRGPRB4 activating chamber compared to the control chamber (Vrontou et al., 

2013). This suggests increased activity of MRGPRB4 neurons may be associated with 

pleasurable and attractive stimuli. 

Tiling in the Somatosensory Nervous System 
 One of the key components of a functional somatosensory nervous system is its 

ability to transmit the precise location of a stimulus on the body. For stimuli to be 

accurately located on the body a sensory neuron must have two morphological features: 

it must innervate a discrete and constrained area, and it must be able to communicate 

its location relative to other neurons and body structures. In the mammalian follicle-

innervating LTMRs this first requirement is met through the non-overlapping tiled 

arrangement of peripheral axonal arbors (Kuehn et al., 2019). Using subtype-specific 

genetic drivers for each population of follicle-innervating LTMRs and a genetically driven 

multi-fluorophore system to label neurons with one of three fluorophore combinations 
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LTMR receptive fields were shown to tile homotypically with varying degrees of 

exclusivity. The Aδ-LTMR neurons tile nearly exclusively with less than 20% of hair 

follicles innervated by an Aδ-LTMR receiving endings from more than one neuron. The 

C-LTMRs also showed exclusive tiling, with less than 30% of innervated follicles 

showing innervation by more than one neuron. The Aβ RA-LTMRs overlapped receptive 

fields the most, with more than half of the Aβ RA-LTMR innervated hair follicles 

receiving innervation by more than one neuron, and approximately 10% of hair follicles 

innervated by three or more neurons. There were no differences in receptive field 

overlap across body regions, but Aβ RA-LTMR innervation did differ across hair follicle 

types. Receptive fields innervating awl/auchene and zigzag hairs showed more 

exclusivity than those innervating guard hairs, suggesting different roles for Aβ RA-

LTMRs innervating these two groups (Kuehn et al., 2019). 

 In addition to homotypic tiling, where neurons exclude other same-subtype 

neurons from forming endings at hair follicles in their receptive field, the Aδ-LTMRs and 

Aβ RA-LTMRs show considerable isoneuronal tiling, where neurons only innervate a 

hair follicle with a single axon branch. In both populations less than 15% of follicles have 

LLEs composed of more than one axon branch. This contrasts with the C-LTMRs in 

which over 70% of hair follicles were innervated by multiple axon branches (Kuehn et 

al., 2019).  

 Our understanding of tiling in the mammalian somatosensory system is built on 

an extensive literature exploring tiling in the somatosensory nervous systems of non-

mammalian animals, in particular Drosophila larvae and leeches. Early experiments on 

the neurons innervating the body wall of the leech showed epidermally innervating 
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neurons formed repeated patterns in each segment and formed stereotyped receptive 

fields with little isoneuronal overlap (Blackshaw, 1981; Yau, 1976). Despite these 

neurons not exhibiting exclusive tiling behavior in their receptive fields the fields of touch 

sensitive neurons expanded when neighboring neurons were ablated (Blackshaw et al., 

1982). 

The larval Drosophila dendritic arborization (DA) neurons have long been 

considered the archetypal example of tiled somatosensory neurons. Each central larval 

body segment is innervated by two mirrored arrangements of 15 DA neurons clustered 

with other sensory neurons into 4 groups per hemisegment (Bodmer and Jan, 1987). 

Through a series of landmark studies from the Jan lab at UCSF it was shown that the 

DA neurons could be divided into four classes based on their morphology and that each 

class of DA neuron exhibited differing degrees of homotypic and isoneuronal tiling 

behavior. Using the Mosaic Analysis with a Repressible Marker (MARCM) system to 

sparsely label DA neurons with fluorescent reporters, detailed descriptions of each DA 

neuron class were constructed (Grueber et al., 2002; Lee and Luo, 1999). The three 

Class I DA neurons formed the simplest dendritic arbors with single dorsally extended 

primary dendrites and multiple secondary branches in the anterior-posterior direction. 

The four Class II DA neurons primarily innervate the ventral body wall, and often show 

bifurcated primary dendrites with second-order branching but few higher order 

branches. The five Class III DA neurons collectively innervate approximately 70% of 

each hemisegment and show significantly more complex arbors than those of Class I 

and II neurons, with long primary and secondary dendrites and substantial higher-order 

branching. Finally, the three Class IV DA neurons collectively cover 100% of each 
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hemisegment, forming highly complex dendritic arbors with as many as 900 terminal 

branches. Dendritic arbors from neurons of different classes arrange independently of 

one another, but Class II, III, and IV DA neurons show no homotypic overlap, showing 

signs of repulsion when neighboring arbors approach each other (Fig. 3B) (Grueber et 

al., 2002).
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This work was followed up with a mechanistic study examining the effects of 

sparse ablation or duplication of DA neurons. By using laser ablation to remove Class 

IV DA neurons from late-stage embryos remaining Class IV DA neurons will extend their 

arbors to fill in for missing neighbors, even crossing segments and the dorsal-ventral 

midline, suggesting the tiling phenotype seen in these neurons is entirely cell-intrinsic. 

When extra Class IV DA neuron were present in larvae receptive field tiling was 

maintained, and the arbors of each DA neuron shrank to accommodate the extra 

neighbor. Similar experiments using mutations which caused duplications of Class I, II, 

and III DA neurons showed Class I and II neurons readily overlap their arbors rather 

than shrinking their arbors to maintain tiling, while Class III DA neurons readily overlap 

their major dendrites, but show exclusive tiling of their higher-order branches (Fig. 3A) 

(Grueber et al., 2003). The combination of self-avoidance and tiling seen in DA neurons 

functions to ensure the body wall is fully innervated as efficiently as possible, and that 

each DA neuron arbor innervates a constrained area for stimulus localization.  

The molecular mechanisms behind neuronal tiling interactions have been 

extensively studied in Drosophila but remain relatively unexplored in vertebrates. 

Experiments in Drosophila DA neurons suggest that homotypic tiling of receptive arbors 

and isoneuronal self-avoidance are controlled through two separate molecular 

mechanisms (Grueber et al., 2003). The axon guidance molecule Down’s Syndrome 

Cell Adhesion Molecule (Dscam) is both necessary for maintaining dendrite self-

avoidance, and sufficient to cause heterotypic avoidance not seen in wild-type neurons 

when a single isoform was expressed across all neurons (Soba et al., 2007). Dscam is 

a highly spliced cell adhesion molecule with over 38.000 potential isoforms that shows a 
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high degree of repulsion between identical isoforms and plays a role in the patterning of 

multiple neural systems in Drosophila (Schmucker et al., 2000; Wojtowicz et al., 2004). 

Dscam is conserved in mammals, though with greatly reduced splice variation, and 

functions as a recognition/repulsion molecule with demonstrated roles in patterning 

retinal dendrites and regulating neuronal lamination in the midbrain, in both cases acting 

through masking/inhibiting members of the cadherin cell adhesion molecule family 

(Agarwala et al., 2001; Arimura et al., 2020; Garrett et al., 2018). 

The molecules regulating the homotypic tiling of DA neurons are less well 

understood than those regulating isoneuronal self-avoidance. Multiple molecular 

pathways have been proposed as important for homotypic tiling, including Hippo, 

Tricornered/Furry (Trc/Fry), and portions of the target of rapamycin complex 2 (TORC2) 

which can activate Trc (Emoto et al., 2004; Emoto et al., 2006; Koike-Kumagai et al., 

2009). While these molecular pathways do appear to have a role in regulating 

homotypic tiling, multiple recent studies have suggested that the tiling phenotypes seen 

in Trc/Fry and TORC2 mutants are caused by failure of dendrites to properly adhere to 

the extracellular matrix (ECM) due to reduced integrin function (Han et al., 2012; Kim et 

al., 2012). This implies that the tiling seen in DA neurons may be primarily caused by 

steric restrictions rather than canonical axon guidance adhesion and repulsion 

interactions. 

The mechanisms behind homotypic tiling of neuronal arbors have been explored 

in multiple vertebrate systems, though none to the same degree as the Drosophila DA 

neurons. Experiments examining the development of zebrafish trigeminal neurons 

showed remarkable isoneuronal self-avoidance and exclusive homotypic tiling of arbors 
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at the midline which was theorized to be dependent on repulsive cues from the 

contralateral neurons (Sagasti et al., 2005). In mice, the mechanisms regulating tiling 

are most well studied in the various cell populations of the retina. Retinal bipolar cells 

form dendritic fields which innervate all available photoreceptor synapses while 

excluding synapse formation from neighboring homotypic neurons. In wild-type mice, 

these dendritic fields are sensitive to changes in both photoreceptor and bipolar cell 

population size, adjusting their dendritic field size to a fixed range of synaptic contacts 

(Reese et al., 2005). In studies examining an overpopulation of bipolar cells caused by 

knockout of the pro-apoptotic Bcl-2 associated X-protein (Bax) the entire population of 

bipolar cells shrank their receptive fields to accommodate the increased number of 

neighboring cells (Lee et al., 2011). Examination of dendritic tiling of multiple bipolar cell 

subtypes in a sparse Dscam knockout model showed bipolar cell tiling is dependent on 

Dscam expression (Simmons et al., 2017). In contrast to the exclusive dendritic field 

forming bipolar cells, many retinal amacrine cells exhibit little tiling behavior. In Bax-

driven overpopulation studies multiple amacrine cell subtypes maintain their dendritic 

field size, instead increasing the amount of field overlap between homotypic neurons 

(Farajian et al., 2004; Keeley et al., 2020; Lee et al., 2011). This variability in tiling 

phenotypes seen in the retina suggests that there may be multiple molecular 

mechanisms at play, regulating tiling behavior in other mammalian sensory systems. 

Central Projections of LTMR Neurons 
 While the peripheral endings of mechanoreceptive neurons were some of the first 

structures in the somatosensory system to be described, it was not until the advent of 

specific genetic labeling tools that the central axonal projections of LTMRs could be 

studied in detail. It is known from anatomical and lesioning studies that DRG central 
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projections enter the spinal cord through the posterolateral tract, also called Lissauer’s 

tract, before turning caudally or rostrally, traveling one to two spinal segments and 

forming a complex synaptic glomerulus with spinal cord interneurons in the dorsal horn 

(Nolte, 2009). Recent comparisons of LTMR neurons innervating the back and 

abdominal skin showed neurons innervating the back skin nearly exclusively project 

their central axons rostrally, while abdominally innervating neurons nearly exclusively 

project their central axons caudally before forming their synaptic glomerulus (Kuehn et 

al., 2019). The dorsal horn interneurons project rostrally through the anterior and lateral 

spinothalamic tracts, eventually forming synapses in various thalamic nuclei. Aβ-LTMRs 

also send projections directly to the dorsal column nuclei in the brainstem through the 

dorsal column tracts in addition to forming synapses with dorsal horn interneurons 

(Johnson and Hsiao, 1992). Initial theories about somatosensation followed the labeled 

line hypothesis, the idea that each somatosensory modality was projected relatively 

independently into the sensory cortex of the brain where the signals were integrated. 

This hypothesis has since been superseded by the population coding hypothesis, the 

idea that somatosensory neurons have signaling crosstalk, both directly and through 

interneurons, throughout the central nervous system and that signals from multiple 

somatosensory modalities are integrated well before the sensory cortex (Reviewed in 

Ma, 2010).  

 The dorsal horn of the spinal cord is classically described as being separated into 

five distinct laminae, initially based on cell density, and later shown using molecular 

markers (Abraira et al., 2017; Rexed, 1952; Rexed, 1954; Todd, 2010). Central 

projections from follicle-innervating LTMRs primarily innervate the deeper laminae of the 
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dorsal horn, with C-LTMRs innervating the deep portion of lamina II (lamina IIiv), Aδ-

LTMRs innervating the bulk of lamina III with some projections into lamina IIiv, and Aβ 

RA-LTMRs innervating laminae IIiv, III, and IV (Abraira et al., 2017; Li et al., 2011). 

Lamina I and the superficial portion of lamina II (IIi) primarily receive peptidergic and 

non-peptidergic nociceptive inputs respectively. Careful analysis of LTMR synaptic 

partners in the dorsal horn showed that not only do the different populations of LTMR 

neurons overlap their target regions, they also frequently form synapses onto the same 

interneurons, though with differing frequencies and distributions (Abraira et al., 2017). 

This work was expanded upon in 2018 by an extensive single-cell RNA sequencing 

analysis of the spinal cord dorsal horn. Cluster analysis of approximately 1500 dorsal 

horn interneurons from adult mice showed 30 molecularly distinct clusters of 

interneurons exist in the dorsal horn, 15 clusters of GABAergic neurons and 15 clusters 

of glutamatergic neurons (Häring et al., 2018). Spatial analysis of these clusters using a 

combination of immunofluorescence and in situ hybridization revealed stark differences 

in the distributions of GABAergic and glutamatergic clusters. Glutamatergic interneuron 

clusters are frequently constrained to one or two adjacent dorsal horn laminae, while 

GABAergic interneurons are more widely distributed. This suggests excitatory dorsal 

horn interneurons may play more modality specific roles in signal integration and 

transmission, while inhibitory interneurons may play a more widespread role in signal 

intensity regulation. 
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In addition to the dorsal-ventral lamination of the dorsal horn, early work on the 

sensory projections to the spinal cord showed mediolateral somatotopic organization of 

inputs. Tracing experiments done using horseradish peroxidase showed that skin 

innervating neurons form a wedge-shaped synaptic field in the dorsal horn, and that the 

mediolateral position of these wedges correlated inversely with the mediolateral position 

of the associated peripheral fields (Fig. 3) (Brown and Fuchs, 1975; Woolf and 

Fitzgerald, 1986). Multiple studies using injections of retrograde neural tracers into 

glabrous and hairy skin demonstrated the precise nature of sensory neuron somatotopic 

organization. Adjacent microinjections of Choleratoxin subunit B (CTB) tagged with 

different fluorophores into the hairy skin of young adult mice revealed adjacent columns 

of dorsal horn innervation which scaled in rostro-caudal length with the labeled area of 

the skin (Li et al., 2011). Simultaneous injection of retrograde tracers which 

preferentially label either large diameter neurons (CTB) or non-peptidergic nociceptors 
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(wheat-germ agglutinin, WGA) showed that the somatotopically arranged dorsal horn 

columns extended across somatosensory neuron subtypes (Odagaki et al., 2018; 

Shehab and Hughes, 2011). There has been limited exploration into the development of 

somatotopic organization in the dorsal horn, or into molecular cues which may regulate 

and refine somatotopy. Retrograde labeling of somatosensory neurons in rat embryos 

suggests that central projections begin to arrange somatotopically as soon as they enter 

the spinal cord dorsal horn and undergo little refinement during development (Silos-

Santiago et al., 1995). More recent work has expanded on this finding, showing that 

central projections of one somatosensory neuron population refine significantly before 

their peripheral arbor is mature, suggesting that the somatotopic arrangement of 

sensory neurons in the skin may be either cell intrinsic or derived from cues present in 

the dorsal horn at the time of central axon innervation (Olson and Luo, 2018). 

LTMR Differentiation and The Role of Developmental Cell Death in the 
Peripheral Nervous System 

The sensory neurons in the DRG derive from a population of neural precursor 

cells (NPC) which, in mice, migrate off the neural crest between E8.5 and E10.5 and 

progress down the ventral midline forming clusters on either side of the neural tube 

(Serbedzija et al., 1990; Weston, 1970). These clusters of NPCs begin dividing off 

immature neurons in two major waves, the first driven by Neurogenin 2 (Neurog2) from 

E9.5-E11.5 which primarily gives rise to the large diameter DRG neurons (Aβ-LTMRs, 

Aδ-LTMRs, and proprioceptors) and the second driven by Neurogenin 1 (Neurog1) from 

E10.5-E13.5 which primarily gives rise to medium and small diameter DRG neurons (C-

LTMRs, and nociceptors) (Landy et al., 2021; Lawson and Biscoe, 1979; Ma et al., 

1999). This two-wave model of differentiation is further supported by single-cell RNA 
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sequencing time course experiments examining DRG development revealing two 

clusters of developing cells which acquire neuronal identity approximately 24 hours 

apart (Faure et al., 2020; Sharma et al., 2020). By E15.5 all the non-nociceptive DRG 

neuron populations have acquired unique molecular identities, and by birth every 

population of DRG neurons that is present in adult animals has differentiated (Sharma 

et al., 2020). The LTMR neurons arise through a complex cascade of transcription 

factor expression and neurotrophin receptor activation. Aβ-LTMRs and Aδ-LTMRs both 

originate in the Neurog2-positive first wave of differentiation, and express runt-related 

transcription factor 3 (Runx3) early after specification then downregulate this expression 

and upregulate Ret (Aβ-LTMRs) and TrkB (Aδ-LTMRs) beginning at E11.5 and 

continuing until adulthood (Kramer et al., 2006; Li et al., 2011; Luo et al., 2009). The C-

LTMRs derive from the Neurog1-positive population and are their differentiation is 

dependent on runt-related transcription factor 1 (Runx1) and zinc finger protein 521 

(Zfp521) signaling in an incoherent feed forward loop where Runx1 upregulates both 

Zfp521 multiple downstream targets inhibited by ZFP521 (Lou et al., 2013; Lou et al., 

2015). 

An important element of LTMR development and maturation is the effect of 

developmental cell death on the LTMR population. Many neuronal populations go 

through some level of programmed or developmental cell death to ensure an 

appropriate population density of neurons is present in adult animals or to ensure 

neurons have innervated their intended targets (Oppenheim, 1991). In DRG populations 

neurotrophin supply is a major driver of developmental cell death, resulting in a loss of 

approximately 50% of DRG neurons during embryonic development (Lentz et al., 1999; 



 32 

Sun et al., 2003; Vogelbaum et al., 1998). This cell death can be rescued through 

knockout of the proapoptotic protein Bax and results in a 100% increase in the number 

of DRG neurons in adult animals (Deckwerth et al., 1996; Vogelbaum et al., 1998). The 

cell bodies and axons of sensory neurons in Bax deficient animals are atrophied 

compared to wild-type counterparts, suggesting a lack of developmental trophic support 

in these neurons (Kinugasa et al., 2006; Patel et al., 2000; Sun et al., 2003; Suzuki et 

al., 2010). A study examining the effects of Bax knockout on specific DRG neuron 

populations demonstrated that blocking developmental cell death increases the 

population size of nociceptor and proprioceptor populations by 50%-75% and that the 

cell bodies of these neurons were smaller than in wild-type animals (Suzuki et al., 

2010). Surprisingly, only the peptidergic nociceptors, the population exhibiting the least 

cell body atrophy, showed increased innervation density in the skin suggesting that 

these neurons may have been able to receive sufficient trophic support despite a 75% 

increase in population size, and that neurons from the other populations did not extend 

axons into their target regions. This may be a result of two different trophic supply 

schemes being present in cutaneous neurons. One used in epidermally-innervating free 

nerve endings wherein trophic factors are present relatively ubiquitously throughout the 

dermis and epidermis and extra neurons are able to be supported without issue. The 

other, used in structure-innervating neurons like proprioceptors where trophic factors 

are derived from a discrete structure and a limited number of neurons are able to be 

supported.   

Dissertation Overview 
The overarching goal of this dissertation is to further our understanding of the 

mechanisms which regulate the organization of follicle-innervating LTMR receptive 
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fields. Previous work showed LTMR receptive fields are highly stereotyped in adult 

mice, with each subtype of neuron forming a field of distinct size and innervating a 

discrete number of hair follicles. these receptive fields pattern in a tiled manner, 

innervating hair follicles while excluding nerve endings from other same-subtype 

neurons. Based on these pieces of data I hypothesized that the size of LTMR receptive 

fields is determined through competitive interactions for hair follicles during early 

development of skin innervation. In Chapter 2 I present a comprehensive series of 

protocols for the immunofluorescent and histological staining and imaging of hairy and 

glabrous skin in both section and whole mount preparations, as well as protocols for 

genetically-driven sparse labeling of various skin innervating neuron populations. In 

Chapter 3 I use these protocols to characterize the development of follicle-innervating 

LTMR neurons during the first postnatal month and use a neural overpopulation model 

driven by knockout of the pro-apoptotic protein Bax to assess the role of competition for 

hair follicles on LTMR receptive field size. This work shows that one population of 

follicle-innervating LTMR neurons, the Aδ-LTMRs, adjust their receptive field size to 

accommodate an increase in the number of skin innervating neurons, while another 

population, the C-LTMRs, do not. This suggests that, at the hair follicle level, there is 

competition between neighboring Aδ-LTMR neurons for innervation targets, and that 

this competition is essential for the formation of constrained receptive fields. In Chapter 

4 I present preliminary data exploring the role of cell adhesion proteins in the DRG and 

spinal cord dorsal horn in somatotopic patterning of sensory neuron central projections. 
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Chapter 2: Immunohistochemical and genetic labeling of hairy 
and glabrous skin innervation 
Matthew B. Pomaville & Kevin M. Wright, Ph.D. 
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Significance Statement: 
In mammals, the skin is a highly innervated and structurally complex organ. The 

development of skin innervation requires many genetically distinct populations of 

sensory neurons to extend axons over large distances to form complex endings at 

specific structures. This process involves multiple biological mechanisms including axon 

pathfinding, target recognition, and developmental pruning. Analysis of skin innervation 

is also applicable to translational research questions. Peripheral neuropathy and 

sensory nerve damage are symptoms of many neurodegenerative conditions and side 

effects of many drugs. Understanding the mechanisms by which these conditions and 

drugs damage neurons requires the ability to examine skin innervation in high detail. 

This series of protocols outlines techniques for comprehensive analysis of mouse skin 

innervation applicable to many research contexts. 

Abstract: 
Cutaneous innervation is an essential component of the mammalian sensory nervous 

system. During development, genetically and morphologically diverse subtypes of 

sensory neurons use distinct molecular pathways to innervate end organs or form free 

nerve endings in glabrous and hairy skin. Peripheral neurons can be damaged by acute 

injury or degenerate due to chronic conditions including diabetes and chemotherapy, 

leading to peripheral neuropathy. Analysis of skin and cutaneous innervation can be 

applied to many research endeavors, from developmental neuroscience to 

pharmaceutical testing. Due to its natural hydrophobicity and heterogenous makeup 

(dense, keratinized cells as well as sparse, ECM-bound cells), histological analysis of 

the skin presents unique challenges compared to many other tissues. This series of 

protocols describes histological methods for generalized immunohistochemistry and 
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subtype-specific genetic labeling of sensory neurons in mouse skin in both whole mount 

and section formats. I provide detailed methodology of tissue preparation for hairy and 

glabrous skin, labeling, and counting of hair follicles in flat-mounted mouse skin. 

Introduction: 
The skin serves as both an essential environmental barrier and a highly complex 

sensory organ. Based on genetic, functional, and morphological analyses there are at 

least 11 distinct populations of skin innervating somatosensory neurons in the mouse, 

providing a full range of touch, temperature, and pain sensation (Abraira and Ginty, 

2013; Sharma et al., 2020; Usoskin et al., 2015). Skin innervating somatosensory 

neurons can be broadly divided into two classes based on the type of skin they target, 

hairy or glabrous (non-hairy). In mice, glabrous skin is innervated by three major 

populations of sensory neurons: (1) Aβ rapidly adapting (RA) type 1 neurons which 

innervate Meissner corpuscles, (2) Aβ slowly adapting (SA) type 1 neurons which 

innervate Merkel cells, and (3) free nerve endings. Hairy skin is also innervated by three 

major sensory neuron populations: (1) Aβ SA type 1 neurons terminating at Merkel 

cells, (2) 4 types of follicle-innervating low-threshold mechanoreceptors (LTMRs), and 

(3) free nerve endings (Abraira and Ginty, 2013; Jenkins and Lumpkin, 2017). The 

follicle innervating LTMR neurons were originally classified based on their conduction 

velocity and response to stimuli. These subtypes are the Aβ RA-LTMRs which innervate 

guard and Awl/Auchene hairs, the Aδ-LTMRs which innervate zigzag and Awl/Auchene 

hairs, the C-LTMRs which also innervate zigzag and Awl/Auchene hairs, and the 

circumferential endings which innervate all three hair types (Bai et al., 2015; 

Koltzenburg et al., 1997; Li et al., 2011; Millard and Woolf, 1988; Olson et al., 2016; Wu 

et al., 2012). Recent work has identified unique markers for many of the skin innervating 
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somatosensory neuron populations, including Calbindin, Tyrosine Hydroxylase, and the 

Trk-receptor family proteins. These markers allow detailed analysis of the development 

and organization of these neurons, and their responses to pharmacological and genetic 

treatments (Sharma et al., 2020; Usoskin et al., 2015). This opens many avenues for 

detailed study into the biology of skin innervating neurons and their associated 

structures. 

Traditionally, analysis of skin innervation has been done using thin sections (20-

50 µm) labeled with antibody markers for various cell populations and structures. While 

this approach provides high detail in the skin depth axis, it sacrifices spatial information 

which is maintained in whole-mount tissue samples. Combining immunohistochemistry 

with sparse genetic labeling through inducible recombinases or viral vectors allows for 

detailed analysis of single neuron morphology in combination with population-wide 

patterning and density measurements.  

Basic protocol 1 outlines the fixation, sectioning, and immunolabeling of 

cryosections from mouse hairy skin. It includes an alternate protocol to improve the 

morphology of fine nerve endings in sectioned skin. These sections can be used to 

quantify the density of hair follicles, the innervation of hair follicles, or the innervation of 

intra-follicle skin. Basic protocol 2 outlines the fixation, section, and immunolabeling of 

cryosections from mouse glabrous (paw) skin. Sections from this protocol can be used 

for measuring changes in paw innervation in models of peripheral neuropathy or 

sensory neuron development. Basic protocol 3 outlines the preparation and 

immunolabeling of whole mount mouse hairy skin. While this protocol has much more 

stringent timing requirements than the protocols for preparing sections from hairy skin, it 
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preserves the skin morphology in an intact manner, yielding a more complete picture of 

the skin innervation environment. Basic protocol 4 outlines the sparse labeling of 

cutaneous innervation using inducible CreER mouse lines and a Cre-dependent alkaline 

phosphatase reporter. This is a powerful technique for generating morphological data 

on individual neurons from a large population. Basic protocol 5 outlines the use of Oil 

Red O, a lipophilic dye, to selectively stain hair follicles in mouse skin. This technique 

can be used to assess changes in hair density and patterning in a rapid and robust 

manner. 

Strategic Planning 
With proper planning, the skin from a single animal can be used for all the 

procedures in this protocol. This provides the potential for a comprehensive analysis of 

multiple aspects of skin innervation while reducing the number of experimental animals 

required. A flow chart illustrating how a single skin sample from one mouse can be used 

for multiple processing steps is shown below (Fig 1). The following protocols take 

between 2 and 14 days to complete, not including time for image analysis. Much of this 

time is “hands-off”, including overnight fixation and antibody incubation steps. Samples 

labeled with fluorescent reporters and cleared in Benzyl alcohol-Benzyl benzoate 

(BABB) begin to suffer from fluorescent signal loss within hours of clearing and should 

be imaged immediately after clearing when possible. In contrast, the signal in tissue 

samples stained with chromogenic stains such as Alkaline Phosphatase and Oil Red O 

are much more stable and can be stored long-term in appropriate conditions with little 

degradation of signal. 
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Basic Protocol 1: Cryosectioning mouse hairy skin 
Introductory paragraph: 

Sections of hairy skin can be used for detailed examination of dermal and 

epidermal innervation, measurement of hair follicle density, and examination of end 

organ innervation by sensory neurons. Sections are useful for examining a wider range 

of ages and are faster to process than whole skin samples but sacrifice spatial 

information beyond tissue depth. This protocol outlines tissue preparation, freezing, 

sectioning, and immunofluorescent labeling of both free-floating sections and slide 

mounted sections. In general, slide mounted sections thicker than 50 µm will suffer from 

incomplete antibody penetration. Floating sections work well up to 100 µm, showing 

thorough tissue penetration with most antibodies. Sections thicker than 100 µm begin to 

suffer from diffraction issues during imaging, obscuring deeper labeling. Thicker 

sections can be imaged using confocal microscopy. Zamboni’s fixative can be 

substituted for 4% Paraformaldehyde to help reduce background fluorescence in the 

488 nm range and increase labeling of fine nerve endings in the skin but may suffer 

from antibody incompatibility issues. 
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Materials: 
Laboratory mice (see Critical Parameters for age and genetic background 

considerations) 

Phosphate buffered saline (PBS) (see recipe) 

4% Paraformaldehyde (PFA) in PBS, 4°C (see recipe) 

Blocking buffer (see recipe) 

30% w/v sucrose in PBS 
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Commercial hair remover (Nair) 

Hand soap (Fisher #04-355-17) 

Insect pins 

Fine forceps 

Straight tip (Dumont #5) 

Bent/angled tip (Dumont #45) 

Spring scissors 

Large, straight blade 

Small, curved blade 

Single edge razor blades 

Dissecting stereoscope 

Silicone bottomed dish (A standard 10 cm cell culture dish with 3-4 mm Sylgard 182 

poured into the bottom) 

Optimal Cutting Temperature (OCT) Media (Richard Allen Scientific Neg-50, Fisher # 

22-110-617) 

Tissue embedding molds (Fisher #22-19) 

Immedge Pen (Fisher #NC9545623) 

Fluoromount G (Fisher # OB100-01) 

12-well tissue culture plate 

Dry ice 

2-Methylbutane, -80°C 

Hoechst 33342 (Fisher # BDB561908) 

Glass slides 
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#1.5 Coverslips 

Clear nail polish (Sally Hansen #800 “Crystal Clear”) 

Flat glass or plastic plate (used Western blot cassette) 

Slide staining tray or slide box lined with damp paper towels 

Metal gavage needle (Fisher # 01-208-87, plastic tip removed) or small (1-2mm) dermal 

punch or mouse ear punch (Fisher # 13-820-063) 

Kimwipes 

Paper towels 

Protocol steps — Step annotations:  
Tissue preparation and fixation 

1. Euthanize mouse in accordance with IACUC approved protocols.  

2. Wash mouse with water and mild soap such as Bac-Down hand soap (Fisher 

#04-355-17). 

3. Generously apply commercial hair remover (Nair) to wet mouse 

Work hair remover into the hair/skin very well. The better/more thoroughly it is 

worked in, the more complete the hair removal will be.  

4. After 5 minutes check for hair removal by wiping a small section of skin with a 

Kimwipe or paper towel (Fig. 1B, Fig. 2B). 

If hair removal is complete, bare skin will be exposed, progress to step 5. 

If hair removal is not complete, let hair remover sit for another minute. 

5. Wash skin thoroughly under cool water, scrubbing off any remaining hair and hair 

remover. 

6. On the abdominal side, make an incision from the neck to the region just above 

the genitals with sharp scissors, being careful to only cut through the skin, 
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leaving the subcutaneous fascia intact. This will ease removal of the skin in step 

8 (Fig. 1C). 

7. Make incisions around the limbs and tail, such that the skin can be removed in a 

single piece, leaving the limb skin behind. 

8. Gently separate the skin from the body being careful to not tear the skin or the 

subcutaneous fascia/muscle.  

9. Place directly into chilled PBS in a petri dish (Fig. 1D). 

Smaller skin sections can be taken if whole body analysis is not needed. 

(For sections, local labeling, etc.) 

10. Pin skin to a silicone coated petri dish with a small amount of PBS, subcutaneous 

side up, using insect pins and forceps. Get the skin as flat as possible without 

overstretching or distorting it (Fig. 1D, Fig. 2D). 

11. Use bent forceps and curved spring scissors to remove as much subcutaneous 

fat as possible without damaging the skin. 

12. Use a dermal punch or metal gavage needle to punch an identification hole (or 

series of holes) near the centerline on the caudal end of the skin if needed (Fig. 

1F). 

13. Pour off PBS and add cold 4% PFA to cover the tissue. 

14. Fix overnight at 4°C with gentle, rocking agitation. 

15. Remove PFA and wash skin 3x30 minutes with PBS. 

16. Store at 4°C in PBS with 0.01% sodium azide until ready to section. 

Cryosectioning 
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1. Make a single cut along the A-P midline of the skin using a sharp blade. One half 

of the skin will be used for cryosections, the other can be saved for future 

sections or used for whole mount immunolabeling (Fig. 1F). 

2. Cut skin into multiple approximately 1 cm wide strips perpendicular to the A-P 

axis. If only processing tissue from one animal, make a small cut (1-2 mm) into 

the midline face of the strip.  

If processing tissue from multiple animals, punch a series of identification 

holes using the gavage needle/dermal punch/ear punch. This will mark the 

cutting face of the tissue sample in later steps. 

3. Trim lateral side of each strip to form a rectangle 1 cm wide and slightly shorter 

than your embedding mold. 

4. Transfer skin blocks to a 10% sucrose/0.01% NaN3/PBS solution and incubate at 

room temperature for 2 hours. 

5. Replace 10% sucrose solution with 15% sucrose/0.01% NaN3/PBS solution and 

incubate overnight at 4°C with rocking. 

6. Dry tissue samples by gently blotting both sides on a paper towel and embed in 

Optimal Cutting Temperature Media (OCT) with the subcutaneous side up. 

Adjust sample until it is centered in the OCT and level on both axes. Mark the 

cutting face of the mold (the midline face of the skin block which was marked in 

step 2) (Fig. 3A). 

7. Freeze by immersion in 2-methylbutane chilled to -80°C on dry ice for 2-3 

minutes. 
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8. Move blocks to cryostat with chamber temperature set to -20°C and object 

temperature set to -18°C. Allow samples to equilibrate for 30 minutes before 

mounting and cutting. 

9. Mount tissue blocks to mandrel/chuck using OCT with the cutting face facing 

away from the plate. Adjust block before OCT hardens to square cutting face to 

the mounting plate. Mount block with epidermal face of skin facing down (so it 

hits the blade first). 

10. Trim block until skin segment begins to show (Fig. 3B). 

11. Take a test 50 µm section on a slide to adjust orientation. Tilt block until hair 

follicles are running vertically through the section (Fig. 3C). 

12. For floating sections: Cut ten to fifteen 50-100 µm sections and place into a well 

of a 12-well plate with PBS. 

13. For slide mounted sections: Cut one section and pick-up directly on a room 

temperature slide. Repeat in series for the number of needed slides. 

14. Every 10-20 sections, check the sections and adjust block angle to keep follicles 

running vertically through the section. 

15. For slide mounted sections: Allow tissue to dry on slides 4 hours to overnight 

before moving to 4°C for short term storage (up to 1 week), or -20°C for longer 

term storage (longer than 1 week). 

16. For floating sections: Gently agitate sections at room temperature for 1 hour, 

making sure none are stuck to the sides of the well. Replace the PBS with fresh 

PBS containing 0.01% sodium azide and store at 4°C for up to 1 month. 

Immunolabeling floating sections 
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1. Wash sections 3x10 minutes in PBS at room temperature with gentle agitation to 

remove excess OCT. 

2. Incubate sections in blocking buffer for 1 hour at room temperature with agitation. 

Normal donkey serum (NDS) or Normal goat serum (NGS) blocking buffer is 

used as appropriate for secondary antibody compatibility. NDS is used with 

secondary antibodies raised in donkeys, while NGS is used with secondary 

antibodies raised in goats.  

3. Primary Incubation: Incubate with primary antibodies in appropriate blocking 

buffer overnight at 4°C with agitation. Be sure to use enough antibody/buffer that 

the samples can freely move without clumping. 

4. Wash sections 4x15 minutes in PBS at room temperature with agitation. 

5. Secondary Incubation: Incubate 4 hours at room temperature with agitation with 

secondary antibodies in appropriate blocking buffer. Protect the slides from light 

from this point forwards. 

6. Stain with Hoechst 33342 diluted at 1:5000 in PBS for 10 minutes at room 

temperature. 

7. Wash sections 4x15 minutes in PBS at room temperature with agitation. 

8. Move sections to slides with a paintbrush/pair of sharp forceps and gently 

flatten/unroll. Use a drop of PBS to help flatten difficult sections. 

9. Blot off excess PBS with a Kimwipe. 

10. Coverslip using Fluoromount G. 
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a. Use 20-30 µl Fluoromount G per slide, applied in a bead along one long 

side of the slide. Apply the coverslip from the side with the Fluoromount G 

to the other, being sure to allow air bubbles to escape. 

11. Let slides dry >1 hour at room temperature then seal with clear nail polish. 

 

Immunolabeling slide mounted sections 

1. Allow slides to come to room temperature if stored at 4°C or -20°C. 

2. Outline sections on slide with an Immedge pen. 

3. Wash sections 3x10 minutes in PBS at room temperature, tapping off PBS 

between washes.  

4. Incubate sections in blocking buffer for 30 minutes at room temperature. 

Normal donkey serum (NDS) or Normal goat serum (NGS) blocking buffer is 

used as appropriate for secondary antibody compatibility. NDS is used with 

secondary antibodies raised in donkeys, while NGS is used with secondary 

antibodies raised in goats.  

5. Primary Incubation: Incubate with primary antibodies in appropriate blocking 

buffer overnight at 4° C. 

6. Wash sections 3x10 minutes in PBS at room temperature, tapping off PBS 

between washes. 

7. Secondary Incubation: Incubate 4 hours at room temperature with secondary 

antibodies in appropriate blocking buffer. Protect the slides from light from this 

point forwards. 
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8. Stain with Hoechst 33342 diluted at 1:5000 in PBS for 10 minutes at room 

temperature. 

9. Wash sections 4x15 minutes in PBS at room temperature, tapping off PBS 

between washes. 

10. Tap slides on slide box to remove excess PBS, then tap again on a paper towel 

to dry sections more. 

12. Coverslip using Fluoromount G. 

a. Use 20-30 µl Fluoromount G per slide, applied in a bead along one long 

side of the slide. Apply the coverslip from the side with the Fluoromount G 

to the other, being sure to allow air bubbles to escape. 

13. Let slides dry >1 hour at room temperature then seal with clear nail polish. 

 
Alternate Protocol 1: Alternate preparation and fixation protocol for 
mouse hairy skin 

The fixation and tissue preparation protocol listed in Basic Protocol 1 preserves 

gross tissue morphology but may impair/reduce labeling of fine innervation (ex. free 

nerve endings). This alternative protocol helps preserve fine innervation labeling for 

robust antigens but may sacrifice signal for other targets by using a short fixation and 

forgoing chemical hair removal in favor of trimming hair with electric clippers. Empirical 

testing of both protocols is recommended to determine the preparation and fixation 

protocol that is optimal for each experimental. As with Basic Protocol 1, Zamboni’s 

fixative may be substituted for 4% paraformaldehyde to help reduce background 

fluorescence in the 488 nm range but may have antibody/antigen compatibility issues. 
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Materials: 
Laboratory mice (see Critical Parameters for age and genetic background 

considerations) 

Phosphate buffered saline (PBS) (see recipe) 

4% Paraformaldehyde in PBS, 4°C (see recipe) 

Small electric hair clippers (beard trimmer) 

Insect pins 

Fine forceps 

Straight tip (Dumont #5) 

Bent/angled tip (Dumont #45) 

Spring scissors 

Large, straight blade 

Small, curved blade 

Single edge razor blades 

Dissecting stereoscope 

Silicone bottomed dish (A standard 10 cm cell culture dish with 3-4 mm Sylgard 182 

poured into the bottom) 

Optimal Cutting Temperature (OCT) Media (Richard Allen Scientific Neg-50, Fisher 

# 22-110-617) 

12-well tissue culture plate 

Tissue embedding molds (Fisher #22-19) 

Dry ice 

2-Methylbutane, -80°C 
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Metal gavage needle (Fisher # 01-208-87, plastic tip removed) or small (1-2mm) 

dermal punch or mouse ear punch (Fisher # 13-820-063) 

Kimwipes 

Paper towels 

Protocol steps—Step annotations: 
Tissue preparation and fixation 

1. Euthanize mouse in accordance with IACUC approved protocols.  

2. Carefully trim hair using electric hair trimmers. Working both with and against the 

direction of hair growth and keeping the clippers flat to the skin remove as much 

hair as possible without damaging the skin. Generally, only a small portion of the 

skin needs to be clipped to get enough tissue to prepare many sections 

(approximately 1.5 cm x 1.5 cm). 

3. Wash the mouse using warm water and hand soap to remove all clipped hair. 

4. Cut out clipped section of skin, being careful to not cut through subcutaneous 

fascia if possible. Make sure one edge of the skin section being removed is 

parallel to the direction of hair growth to ensure a good cutting face later. 

5. Gently begin to separate the skin from the body being careful to not tear the skin 

or the subcutaneous fascia/muscle.  

6. Place directly into chilled PBS in a petri dish. 

7. Trim removed section of skin to approximately 1.5 cm x 1.5 cm using a razor 

blade and punch an identification hole on the side of the skin to become the 

cutting face (one of the sides parallel to the hair growth direction) using a metal 

gavage needle or dermal punch.  
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8. Pin skin to a silicone coated petri dish with a small amount of PBS, subcutaneous 

side up, using insect pins and forceps. Get the skin as flat as possible without 

overstretching or distorting it. 

9. Use bent forceps and curved spring scissors to remove as much subcutaneous 

fat as possible without damaging the skin. 

10. Pour off PBS and add cold 4% PFA to cover the tissue. 

11. Fix 15 minutes at room temperature with agitation. 

12. Remove PFA and wash skin 3x30 minutes with PBS.  

13. Wash skin overnight with PBS at 4°C. 

14. Store at 4°C in PBS with 0.01% sodium azide until ready to section. 

Cryosectioning 

1. Remove tissue samples from Sylgard plates and dry by gently blotting both sides 

on a paper towel. Embed in OCT with the subcutaneous side up. Adjust sample 

until it is centered in the OCT and level on both axes. Mark the cutting face of the 

mold (the marked face of the skin block in step 7 of the tissue preparation and 

fixation section) (Fig. 3A). 

2. Freeze by immersion in 2-methylbutane chilled to -80°C on dry ice for 2-3 

minutes. 

3. Move blocks to cryostat with chamber temperature set to -20°C and object 

temperature set to -18°C. Allow samples to equilibrate for 30 minutes before 

mounting and cutting. 

4. Mount tissue blocks to mandrel/chuck using OCT with the cutting face facing 

away from the plate. Adjust block before OCT hardens to square cutting face to 
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the mounting plate. Mount block with epidermal face of skin facing down (so it 

hits the blade first). 

5. Trim block until skin segment begins to show (Fig. 3B). 

6. Take a test 50 µm section on a slide to adjust orientation. Tilt block until hair 

follicles are running vertically through the section (Fig. 3C). 

7. For floating sections: Cut ten to fifteen 50-100 µM sections and place into a well 

of a 12-well plate with PBS. 

8. For slide mounted sections: Cut one section and pick-up directly on a warm slide. 

Repeat in series for the number of needed slides. 

9. Every 10-20 sections, check the sections and adjust block angle to keep follicles 

running vertically through the section. 

10. For slide mounted sections: Allow tissue to dry on slides 4 hours to overnight 

before moving to 4°C for short term storage (up to 1 week), or -20°C for longer 

term storage (longer than 1 week). 

11. For floating sections: Gently agitate sections at room temperature for 1 hour, 

making sure none are stuck to the sides of the well. Replace the PBS with fresh 

PBS with 0.01% sodium azide and store at 4°C for up to 1 month. 

Immunolabeling 

See Basic Protocol 1: Immunolabeling slide mounted sections and 

Immunolabeling floating sections 
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Basic Protocol 2: Sectioning mouse paw glabrous skin 
Introductory paragraph: 

This protocol uses many of the same steps as Basic Protocol 1 to generate slide 

mounted cryosections of mouse paw glabrous skin for immunolabeling. The key 

differences come in the tissue fixation and preparation. In brief, paws are collected from 

euthanized animals, and the palmar skin is dissected away and fixed in Zamboni’s 

fixative. Zamboni’s fixative contains picric acid, which improves the immunolabeling of 

some skin innervation and reduces background fluorescence in the 488nm range. If 

Zamboni’s fixative is incompatible with target antigens 4% paraformaldehyde can be 

substituted at the cost of potentially increased background signal in the 488nm range. 

Shorter fixation times (30 minutes at room temperature) can improve the labeling of fine 

nerve endings with robust antibodies against stable antigens (neurofilaments, 

cytoskeletal components, etc.), but may cause loss of signal with less stable 

antibodies/antigens. Testing both long and short fixation periods is recommended to 

determine the best procedure for specific experimental goals. 
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Materials: 
Phosphate buffered saline (PBS) (see recipe) 

Zamboni’s fixative (see recipe) 

Blocking buffer (see recipe) 
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30% (w/v) sucrose in PBS 

Hand soap 

Sturdy scissors 

Single edge razor blades 

Dissecting stereoscope 

Silicone bottomed dish (A standard 10 cm cell culture dish with 3-4 mm Sylgard 182 

poured into the bottom) 

Optimal Cutting Temperature (OCT) Media (Richard Allen Scientific Neg-50, Fisher 

# 22-110-617) 

Tissue embedding molds (Fisher #22-19 for adult paw tissue or Ted Pella Inc. 

#27181 for juvenile paw tissue) 

Dry ice 

2-Methylbutane, -80°C 

Hoechst 33342 (Fisher # BDB561908) 

Immedge Pen (Fisher #NC9545623) 

Fluoromount G (Fisher # OB100-01) 

Glass slides 

#1.5 Coverslips 

Slide staining tray or slide box lined with damp paper towels 

Kimwipes 

Paper towels 

Protocol steps—Step annotations: 
Tissue Preparation and fixation 

1. Euthanize mice in accordance with IACUC approved protocols.  
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2. Use sturdy scissors to remove paws above the wrist/ankle joint. 

3. Carefully dissect palmar surface of paw and digits off the subcutaneous tissue. 

Curved spring scissors with the tips pointed towards the subcutaneous tissue will 

help with the intact removal of the paw and digit skin (Fig. 4A-B). 

Note: Paw skin from neonatal mice (<P3) may be difficult to dissect off for 

fixation and sectioning. Due to the incomplete calcification of the paw bones 

at this age and the small size of the tissue, the paw can be drop fixed and 

sectioned intact rather than dissecting away the palmar surface. The following 

steps can be followed without modification in this case. 

4. Pin to a Sylgard bottomed container with insect pins, subcutaneous side up (Fig. 

4C). 

If desired, the paw and digit surfaces can be separated at this point, and the 

tissues fixed free-floating in tubes.  

5. Fix overnight in Zamboni’s solution at 4°C with gentle agitation. 

6. Remove fixative and wash paws 4x30 minutes with PBS at 4°C with gentle 

agitation. 

7. Store at 4°C in PBS with 0.01% sodium azide until ready to section, up to 1 

month. 

Cryosectioning 

1. Incubate paws in 10% sucrose solution at room temperature until tissue sinks in 

solution. 

2. Replace 10% sucrose solution with 15% sucrose solution and incubate until 

tissue sinks. Repeat with 20% sucrose solution. 
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3. Dry samples by blotting both sides on a paper towel and embed in OCT with the 

dorsal side up. Adjust sample until it is centered in the OCT and level on both 

axes. Mark the cutting face of the mold (the digit end of the paw) (Fig. 4D).  

If paw and digit skin portions were fixed separately, freeze tissues in silicone 

embedding molds. A small portion of fixed retina or similar tissue can be used 

to help inform sectioning depth. 

4. Freeze by immersion in 2-methylbutane chilled to -80°C on dry ice for 2-3 

minutes. 

5. Move blocks to cryostat with chamber temperature set to -20° C and object 

temperature set to -18°C. Allow samples to equilibrate for 30 minutes before 

mounting and cutting. 

6. Mount tissue blocks to mandrel using OCT with the cutting face facing away from 

the plate. Adjust block before OCT hardens to square cutting face to the 

mounting plate. Mount block with palmar face of the paw facing down (so it hits 

the blade first). 

7. Trim block until the digits or palmar surface are reached. 

8. Take a test 50 µm section on a slide and adjust the block orientation. 

9. Cut one 50 µm section and pick-up directly on a warm slide. Repeat in series for 

the number of needed slides.  

10. Every 10-20 sections, check the sections and adjust block angle to keep the 

tissue square to the cutting blade. 

11. Allow tissue to dry on slides overnight before moving to 4°C for short term 

storage (up to 1 week), or -20°C for longer term storage (longer than 1 week). 
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Immunolabeling slide mounted sections 

1. Label as with Basic Protocol 1.
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Basic Protocol 3: Whole mount immunolabeling of mouse skin 
Introductory paragraph: 

Compared with sections, analysis of whole flat-mounted skin yields increased 

spatial information and allows for analysis of more skin area in the same imaging time. 

However, this comes at the cost of imaging resolution and antibody selection. Whole 

mount skin labeling also limits analysis timepoints to telogen and early anagen (see 

critical parameters in the Commentary section for details on hair cycle determination). 

Due to its natural hydrophobic properties, skin is highly resistant to antibody 

penetration. Penetration is increased through the removal of subcutaneous connective 

tissue and extensive washing with Triton X-100, a common nonionic detergent. This 

technique can be used with antibody labeling and can be combined with Cre-dependent 

fluorescent reporters and Cre-driver lines to provide genetically specified labeling, or 

inducible Cre-drivers or viral reporters for sparse labeling of innervation in the skin. 

Notes: Skin autofluorescence occurs in the 488 nm/GFP/FITC range and 

obscures fluorescence detection of antibodies. This is reduced by post-labeling 

methanol dehydration and clearing in BABB but will still obscure a weak antibody signal. 

BABB is a skin irritant, breaks down nitrile gloves with prolonged exposure, and can 

etch/destroy microscope objectives. Use with caution and dispose of properly. Clean all 

items used with BABB thoroughly with hot water and dish soap then with 70% EtOH. Be 

sure to only use glass/polypropylene supplies, as BABB dissolves polystyrene (ex. cell 

culture dishes). 
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Materials: 
Laboratory mice (see strategic planning for age and genetic background 

considerations) 

Phosphate buffered saline (PBS) (see recipe) 

4% Paraformaldehyde in PBS, 4°C (see recipe) 

Blocking buffer (see recipe) 

0.2% (v/v) Triton X-100 in PBS 

Commercial hair remover (Nair) 

Hand soap 

Insect pins 

Fine forceps 

Straight tip (Dumont #5) 

Bent/angled tip (Dumont #45) 

Spring scissors 

Large, straight blade 

Small, curved blade 

Single edge razor blades 

Dissecting stereoscope 

50 mL conical tube or 20 mL glass scintillation vial 

5 mL centrifuge tube 

Silicone bottomed dish (A standard 10 cm cell culture dish with 3-4 mm Sylgard 182 

poured into the bottom) 

Glass petri dish or other non-polystyrene dish 

Flat glass or plastic plate (Ex. one side of a used Western blot cassette) 
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Slide staining tray or slide box lined with damp paper towels 

Metal gavage needle (Fisher #01-208-87, plastic tip removed) or small (1-2 mm) 

dermal punch or mouse ear punch (Fisher #13-820-063) 

Kimwipes 

Paper towels 

Methanol 

BABB (see recipe) 

Protocol steps—Step annotations: 
Tissue fixation and preparation 

1. Euthanize mice in accordance with IACUC approved protocols.  

2. Wash mice with water and soap in lab sink. 

3. Generously apply commercial hair remover (Nair) to wet mice. 

Work hair remover into the hair/skin very well. The better/more thoroughly it is 

worked in now the more complete the hair removal will be. 

4. After 5 minutes check for hair removal by wiping a small section of skin with a 

Kimwipe or paper towel. 

If hair removal is complete bare skin will be exposed, progress to step 5. 

If hair removal is not complete let hair remover sit another minute 

5. Wash skin thoroughly under cool water, scrubbing off any remaining hair and hair 

remover (Fig. 1B, Fig. 2B). 

6. Make an incision from the neck to the naval with sharp scissors, being careful to 

only cut through the skin, leaving the subcutaneous fascia intact. This will ease 

removal later. 
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7. Make incisions around the limbs and tail, such that the skin can be removed in a 

single piece, leaving the limb skin behind (Fig. 1C). 

8. Gently begin to separate the skin from the body being careful to not tear the skin 

or the subcutaneous fascia/muscle.  

9. Place directly into chilled PBS in a petri dish. 

10. Pin skin to silicone bottomed dish being careful to not stretch or distort skin (Fig 

1D, 2D). 

11. Punch identification holes on the caudal midline of the skin if taking skin from 

multiple animals. 

12. Remove PBS from step 9 and replace with 4% PFA in PBS. 

13. Fix overnight in 4% PFA at 4°C with gentle agitation. 

14. Wash skin in PBS 3x30 minutes. 

15. Flatten fixed and washed skin on a smooth, flat surface such as a used Western 

blot cassette, subcutaneous side up (Fig. 2C). 

16. Make an extremely shallow cut into the subcutaneous connective tissue on the 

medio-lateral midline of the skin using a sharp razor blade or scalpel.  

The goal is to cut through the clear subcutaneous tissue while leaving the 

skin layers intact. 

17. Using a Kimwipe to anchor the tissue with one hand, scrape the subcutaneous 

connective tissue off the skin starting at the midline cut by holding a razor blade 

at a 45°- 90° angle to the skin. The subcutaneous tissue should begin to peel 

away from the skin. 
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18. Continue scraping until the subcutaneous tissue is removed from the entire skin 

sample. The skin should now be much thinner and much more pliable (Fig. 2E). 

19. Cut the skin into approximately 1cm2 sections and punch the top right corner to 

identify the caudal-midline for identification and orientation of the sample later.  

20. Wash skin samples in PBS 3-5x for 30 minutes at room temp or 4°C. 

Immunolabeling and tissue clearing 

1. Pool skin segments from multiple animals after punching and wash for >8 hours 

with 20-50mL 0.2% Triton-X100/0.01% NaN3/PBS at room temperature with 

agitation. Change the wash buffer every hour for the first 3-4 hours (Fig 5A).  

2. Wash overnight at 4°C in appropriate blocking buffer. 

Normal donkey serum (NDS) or Normal goat serum (NGS) blocking buffer is 

used as appropriate for secondary antibody compatibility. NDS is used with 

secondary antibodies raised in donkeys, while NGS is used with secondary 

antibodies raised in goats.  

3. Primary Incubation: Incubate with antibodies in appropriate blocking buffer for 3-5 

days at 4°C with agitation.  

Be sure to use enough antibody/blocking buffer mixture that the samples can 

freely move without clumping (at least 2 mL for two to three 1 cm2 samples). 

Table 1 has a list of validated antibodies and their effective concentrations. 

4. Wash 4-5 hours in 20-50 mL 0.2% Triton X-100/0.01% NaN3/PBS at room 

temperature with agitation. Change the wash buffer every hour. 

5. Secondary Incubation: Incubate 2 days at 4°C with agitation with secondary 

antibodies in appropriate blocking buffer.  
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Be sure to use enough antibody/buffer that the samples can freely move 

without clumping (at least 2 mL for two to three 1 cm2 samples). 

Progression of secondary incubation can be evaluated at this point using a 

fluorescence dissecting microscope. It is difficult to increase labeling intensity 

after washing out excess antibodies and impossible after clearing the tissue in 

BABB. 

6. Wash 4-5 hours in 20-50 mL 0.2% Triton X-100/0.01% NaN3/PBS at room temp 

with agitation. Change the wash buffer every hour. 

7. Dehydrate in serial MeOH dilutions at room temperature with agitation: 

a. 25% MeOH in PBS - 30 minutes  

b. Pin skin samples flat after dehydration in 25% MeOH to avoid curling later 

in processing. 

c. 50% MeOH in PBS - 1 hour 

d. 75% MeOH in PBS - 2 hours 

e. 100% MeOH - Overnight at 4°C 

8. Warm samples in MeOH back to room temperature before clearing. 

9. Clear samples by submersion in BABB (1:2 Benzyl Alcohol:Benzyl Benzoate) in 

a glass or polypropylene dish. Tissue should be optically clear in 30-45 minutes. 

Mount on slide, subdermal side up and coverslip with a small amount of BABB. 

Image as soon after clearing as possible as extended time in BABB can reduce 

fluorescence intensity. 



 67 

Basic Protocol 4: Sparsely labeling skin innervating neurons with a 
Cre-dependent membrane bound alkaline phosphatase reporter 
Introductory paragraph: 

Due to its dense innervation, analysis of single neuron morphology in skin is 

impossible using traditional immunofluorescent labeling techniques. By combining 

CreERT2 driver lines and Cre-dependent reporter lines, sparse neuronal populations can 

be labeled for precise analysis of their morphology (Abraira and Ginty, 2013; Bai et al., 

2015; Li et al., 2011). While fluorescent labeling has become the most common method 

for genetic labeling, the use of chromogenic reporters has many advantages over 

fluorescent labeling for assessing skin innervation. Labeling of neurons with 

chromogenic reporters like Alkaline Phosphatase allows for more rapid, sensitive, and 

permanent staining of tissue than immunofluorescent antibody labeling. Chromogenic 

labeling reagents are also less expensive per reaction and stained tissues have less 

stringent storage requirements. The main drawback of chromogenic reporters is their 

inability to be used for multi-color labeling and high-resolution three-dimensional 

imaging. In this protocol, a Cre-dependent, membrane-bound placental alkaline 

phosphatase is used to label follicle innervating low-threshold mechanoreceptors 

because of its labeling sensitivity and rapid spread through growing neurons (Badea et 

al., 2003). Tamoxifen induction timing and dosage to achieve sparse labeling of the 

target cells must be determined empirically for each CreERT2 driver line. The minimum 

time for signal to be detectable after induction will also need to be determined 

empirically and will be highly dependent on the promotor driving the reporter construct 

and the size of the structure to be labelled - small cells and structures close to the cell 

body will label quicker than structures far from the cell body. 
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Materials: 
Laboratory mice (see strategic planning for age and genetic background 

considerations) 

Phosphate buffered saline (PBS) (see recipe) 

4% Paraformaldehyde in PBS, 4°C (see recipe) 

PLAP development buffer (see recipe) 

Levamisole hydrochloride (Fisher #ICN15522810)  

MgCl2, 1 mM in H2O 
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5-Bromo-4-chloro-3-indolyl phosphate (BCIP) (Roche Applied Science 

#11383221001) 

Nitro blue tetrazolium chloride (NBT) (Roche Applied Science #11383213001) 

Commercial hair remover (Nair) 

Hand soap 

Insect pins 

Fine forceps 

Straight tip (Dumont #5) 

Bent/angled tip (Dumont #45) 

Spring scissors 

Large, straight blade 

Small, curved blade 

Single edge razor blades 

Dissecting stereoscope 

50 mL conical tube or 20 mL glass scintillation vial 

Silicone bottomed dish (A standard 10 cm cell culture dish with 3-4 mm Sylgard 182 

poured into the bottom) 

Glass petri dish or other non-polystyrene dish 

Flat glass or plastic plate (used Western blot cassette) 

Slide staining tray or slide box lined with damp paper towels 

Metal gavage needle (Fisher # 01-208-87, plastic tip removed) or small (1-2 mm) 

dermal punch or mouse ear punch (Fisher # 13-820-063) 

Kimwipes 
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Paper towels 

Methanol 

BABB (see recipe) 

Protocol steps—Step annotations: 
Tissue preparation and fixation 

1. Follow protocol in Basic Protocol 3: Whole mount immunostaining of mouse skin, 

Tissue preparation and fixation subsection 

Placental alkaline phosphatase stain development 

1. Heat inactivate endogenous alkaline phosphatase in skin samples by incubating 

samples in 1 mM MgCl2 in PBS at 70°C for 90 minutes with regular agitation. 

2. Add BCIP/NBT in development buffer: 16.6 µg/mL BCIP and 33.3 µg/mL NBT  

This is a 1:3000 reagent:buffer ratio when using 50 mg/mL BCIP and 100 

mg/mL NBT stock solutions as supplied by Roche 

Adding levamisole (2.5 mM, 0.5 mg/ml) will help reduce nonspecific staining 

due to non-inactivated alkaline phosphatases.  

3. Develop at room temperature 4-48 hours until a satisfactory level of staining is 

reached as determined by observation under a dissecting microscope (Fig. 6A, 

B). 

Samples can be stored at 4°C overnight as needed to slow reaction and avoid 

overdevelopment. 

Staining solution should be replaced after 24 hours. 

Some NBT precipitate will wash out during MeOH dehydration and BABB 

clearing steps, reducing the staining intensity. Allowing the reaction to 
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progress past the bare minimum level of staining to visualize your structures 

is recommended to ensure stability. 

4. Once a satisfactory level of staining intensity is reached, stop the staining 

reaction by washing 3x20 minutes at room temperature in 0.1% Tween-20/PBS 

and incubating samples in 4% PFA for 2-3 hours at room temp or 4°C.  

5. Wash out PFA 3x10 minutes at room temperature with PBS. 

6. Tissue can be dehydrated in MeOH (Clearing and imaging section, step 1) and 

stored at -20°C until ready to clear and image. 

Tissue should be dehydrated as soon after staining is complete as possible to 

reduce the development of excess background staining. 

Clearing and imaging PLAP stained skin 

1. Dehydrate in serial MeOH dilutions at room temperature with gentle agitation: 

a. 25% MeOH in PBS - 30 minutes 

b. 50% MeOH in PBS - 1 hour 

c. 75% MeOH in PBS - 2 hours 

d. 100% MeOH - Overnight at room temperature 

e. Note: Pin skin samples flat after dehydration in 25% MeOH to avoid 

curling later in processing. 

f. If not clearing tissue immediately, move to fresh 100% MeOH in a 50mL 

conical tube and store at -20°C until ready to image.  

2. If samples were stored at -20°C, bring samples back to room temperature before 

clearing. Tubes should warm on bench in 20-30 minutes. 
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3. Clear samples in BABB (1:2 Benzyl Alcohol:Benzyl Benzoate). Tissue should be 

optically clear in 5-15 minutes. Mount on slide, subdermal side up and coverslip 

with a small amount of BABB (Fig. 6C-D). 

A small amount of NBT precipitate may dissolve in the BABB, tinting it purple. 

Move the samples to fresh BABB before imaging. 

Extended storage (> 8 hours) in BABB may reduce staining intensity 

significantly. 

4. After imaging is complete, samples can be “un-cleared” in 100% MeOH, before 

moving to fresh 100% MeOH for long term storage at -20°C. Stained skin 

samples can be stored this way indefinitely with little loss of signal. 
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Basic Protocol 5: Oil Red O Skin staining 
Introductory paragraph: 

Oil Red O is a lipophilic dye that selectively labels sebaceous glands in skin. It 

can be used to measure hair follicle density more quickly and cost effectively than 

antibody labeling, at the cost of performing any other labeling/staining. Due to its 

lipophilic nature, Oil Red O staining is not compatible with tissue clearing methods that 

use delipidation (e.g., BABB, CLARITY, iDISCO).  

Note: Oil Red O is an extremely persistent dye. The dry powder and the dye 

formed when it is mixed with isopropanol will permanently stain most surfaces that are 

not glass or metal, including most plastics, clothes, benchtops, etc. Dedicated 

equipment and a lab coat are recommended when working with Oil Red O. Metal tools 

can be cleaned with dish soap and water followed by an ethanol rinse. 
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Materials: 
Laboratory mice (see critical parameters for age and genetic background 

considerations) 

Phosphate buffered saline (PBS) (see recipe) 

4% Paraformaldehyde in PBS, 4°C (see recipe) 

0.5% (w/v) Oil Red O in 100% isopropyl alcohol (see recipe for preparation) 

60% (v/v) isopropyl alcohol in H2O 

0.2 µm syringe filter 

30 mL syringe with Luer lock 

Commercial hair remover (Nair) 

Hand soap 

Insect pins 

Fine forceps 

Straight tip (Dumont #5) 

Bent/angled tip (Dumont #45) 

Spring scissors 

Large, straight blade 

Small, curved blade 

Single edge razor blades 

Dissecting stereoscope 

50 mL conical tube or 20 mL glass scintillation vial 

Silicone bottomed dish (A standard 10 cm cell culture dish with 3-4 mm Sylgard 182 

poured into the bottom ) 

Glass petri dish or other non-polystyrene dish 
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Flat glass or plastic plate (used Western blot cassette) 

Metal gavage needle (Fisher # 01-208-87, plastic tip removed) or small (1-2 mm) 

dermal punch or mouse ear punch (Fisher # 13-820-063) 

Kimwipes 

Paper towels 

Protocol steps—Step annotations: 
Tissue preparation and fixation 

1. Follow protocol in Basic Protocol 3: Whole mount immunostaining of mouse skin, 

Tissue preparation and fixation subsection 

2. In addition to scraping/removing the subdermal connective tissue, gently scrape 

the outside of the skin. This helps remove the stratum corneum and reduces the 

amount of background staining.  

Oil Red O Skin staining 

1. Wash 10 minutes in 60% Isopropanol in water at room temperature with 

agitation. 

2. Prepare 0.3% Oil Red O/60% Isopropanol by diluting 0.5% (w/v) Oil Red O in 

Isopropanol with water at a mixture of 3 parts dye to 2 parts water.  

The mixture will turn opaque. 

3. Run the prepared 0.3% Oil Red O dye through a 0.2 µm syringe filter to remove 

any particles of undissolved dye. 

The suspended particles make filtering this solution difficult. Be careful to not 

apply too much pressure to the syringe during filtering as this may cause the 

filter to burst. The filtering step may take 5-10 minutes if a large volume (>25 

mL) is needed. 
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4. Stain skin samples in 0.3% Oil Red O in 60% Isopropanol at room temperature 

for 30 minutes to 3 hours. Monitor the staining reaction to avoid overstaining of 

the skin, which will lead to high background (Fig. 7 A-B). 

As staining occurs the sebaceous glands adjacent to hair follicles will darken 

gradually with red pigment. 

5. Wash with 60% Isopropanol in water 2x10 minutes at room temperature with 

agitation. 

6. Wash/store in water at 4°C until ready to image. 

If storing tissue longer than one week, add 0.01% sodium azide to the water 

to inhibit microbe growth. 
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Reagents and Solutions: 
1x Phosphate Buffered Saline (PBS) 

For 1 L 10x PBS stock solution: 

Dissolve in 800mL distilled H2O: 

80 g NaCl (1.37 M final) 

2 g KCl (26.8 mM final) 

14.4 g Na2HPO4 (101.4 mM final) 

2.4 g KH2PO4 (17.6 mM final) 

Adjust pH to 7.4, adjust volume to 1L with distilled H2O. 

10x stock solution is stable at room temp for ≥6 months. Recheck pH before using old 

stock solution. 

For 1L 1x PBS: 

Dilute 100mL 10x PBS stock in 900mL distilled H2O. Check pH and adjust to 7.4 if 

necessary.  

1x PBS is shelf stable at room temperature for 2-3 months. 

4% Paraformaldehyde in PBS 

From dry paraformaldehyde stock: 

1. Add 400mL of 1x PBS to a beaker on a heat plate with a stir bar in a fume hood. 

Heat to 60°C. 

2. Weigh out 20g paraformaldehyde powder (Fisher #A1131336) in a fume hood and 

add to heated PBS.  

3. Add 10M NaOH dropwise to paraformaldehyde/PBS mixture until all PFA 

granules are in solution. 
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4. Allow solution to cool to room temperature and filter through a Whatman #1 filter 

or a coffee filter to remove any residual PFA granules. 

5. Adjust pH to 7.4 using dilute (5M or 1M) HCl. Note: This will contaminate a pH 

electrode with PFA. If this is a concern, use pH test strips (VWR #10BDH3171). 

6. Adjust final volume to 500mL using reserved 1x PBS and re-check/adjust pH. 

7. Aliquot into 40mL volumes and freeze for up to 6 months at -20°C.  

From 16% electron microscopy grade liquid paraformaldehyde: 

1. Carefully snap open one 10mL ampule of 16% EM grade PFA (Fisher #50-980-

487) in a chemical fume hood. Wrapping the ampule in a paper towel will protect 

your hands from the occasional glass flake during opening. 

2. Empty ampule contents into a 50mL conical vial. 

3. Rinse ampule with 10mL freshly made PBS (from 10x PBS stock) and add to 

50mL conical vial. 

4. Add an additional 20mL fresh PBS to the conical vial to a total volume of 40mL 

4% PFA. 

5. Store on ice until use. Leftover stock can be stored at -20°C until used. Avoid 

freeze-thawing PFA stocks. 

IHC Blocking Buffer 

For 15 mL of blocking buffer (enough for approximately 60 slides or approximately 5-10 

whole skin samples): 

750 µL (5% v/v) DMSO 

375 µL (2.5% v/v) Triton X-100 
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375 µL (2.5% v/v) Normal Donkey Serum or Normal Goat Serum (as appropriate for 

primary/secondary antibodies) (Jackson ImmunoResearch #017-000-121 (NDS) or 

#005-000-121 (NGS)) 

7.5 µL (0.05% v/v final concentration) Sodium Azide from a 2% w/v Sodium Azide in 

water stock solution 

Adjust volume to 15 mL with 1x PBS 

Blocking buffer can be stored at 4°C for up to 1 month. Discard if solution 

becomes cloudy or develops an odor. A base mixture excluding serum can also be 

made in bulk (150 mL) quantities and stored at room temperature up to 6 months, 

adding serum to smaller aliquots before use. 

Zamboni’s Fixative 

For 50 mL fixative: 

6.25 mL 16% w/v Paraformaldehyde, MeOH and RNase free (EMS #15710) 

7.5 mL saturated picric acid solution (Fisher #SP920050) 

36.25 mL 1x PBS 

Adjust pH to 7.4 with 10M NaOH 

Zamboni’s fixative can be stored at 4°C indefinitely but should be carefully 

disposed of if a precipitate forms. Dry picric acid is shock sensitive and explosive. While 

saturated solutions are relatively safe be sure to clean all storage containers and wash 

any equipment used with picric acid thoroughly. Do not use metal equipment with picric 

acid. Use pH test strips to avoid contamination of pH meter electrode with 

paraformaldehyde. As with any paraformaldehyde solution, handle in a fume hood to 

avoid inhaling fumes. 
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PLAP Development Buffer 

For 1 L buffer: 

Dissolve in 800mL distilled H2O: 

12.1 g Tris Base (0.1 M final) 

5.84 g NaCl (0.1 M final) 

4.5 g MgCl2 (50 mM final) 

Adjust pH to 9.5 

Adjust volume to 1 L with distilled H2O 

Add Levamisole hydrochloride (Fisher ##ICN15522810) to 2.5 mM (12.5 mg in 50 mL) 

to volume to be used just before adding BCIP/NBT  

Buffer solution without levamisole and BCIP/NBT is shelf stable indefinitely as 

long as no precipitate or odor forms. After adding levamisole, the buffer should be used 

within 2-3 days and stored at 4°C. BCIP/NBT should be added immediately before 

application to tissue.  

0.5% w/v Oil Red O in isopropyl alcohol 

Dissolve 500 mg Oil red O (Fisher #AAA1298914) in 100 mL isopropyl alcohol. 

The Oil Red O powder is extremely fine and is a persistent dye. Measure 

carefully in a chemical fume hood and thoroughly clean any spillage to avoid 

contamination of surfaces with the dye. 

Special Equipment 

Silicone-bottomed dishes: 

Uncoated 10 cm cell culture plates or glass 10 cm petri dishes 

Sylgard 182 Elastomer Kit (Fisher #NC9897184) 
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Sylgard 182 silicone elastomer base 

Sylgard 182 silicone elastomer curing agent 

Disposable mixing container (plastic drinking cup) 

Wooden popsicle stick or tongue depressor 

1. Weigh an appropriate volume of Sylgard 182 base and thoroughly mix with 

Sylgard 182 curing agent at a 10:1 by weight ratio of base to curing agent. Use a 

disposable mixing container and wooden popsicle stick to mix. Mix for 3-5 

minutes continuously, scraping container sides frequently to ensure complete 

incorporation of base and curing agent. Air bubbles will be introduced during 

mixing. These need to be removed before curing. 

A standard 10 cm cell culture dish requires approximately 25 mL total 

elastomer to coat the bottom. Due to its viscosity, precise volumetric 

measurement of Sylgard 182 base is difficult and unnecessary for most 

situations. 

2. Pour silicone elastomer mixture into plates to coat bottoms 2-3mm deep. 

3. Move plates to a vacuum bell jar and evacuate. Quickly release the vacuum to 

dispel air bubbles. 

Some bubbles may take multiple rounds of vacuum treating to remove. 

Sharply banging the plates on a benchtop can also help bubbles rise to the 

surface. 

4. Cure plates overnight at an elevated temperature (37°C- 60°C). 

Supplies used in pouring the plates can also be cured to neutralize the 

elastomer components. 
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Commentary 
Background Information 

Detailed analysis of sensory neurons is an essential technique for many labs 

wishing to study the development and morphology of complex neuronal systems. Due to 

its hydrophobicity and heterogenous composition, analysis of skin innervation in both flat 

mount preparations and cryo-sections requires additional steps beyond those used in 

many other immunolabeling contexts. Sections of hairy and glabrous skin are useful for 

analysis of innervation density, innervation depth into the dermis, and detailed analysis 

of hair follicle innervating neurons. Thin sections (≤50 µm) can be labeled with a wider 

array of antibodies than whole-mount skin. Sections up to 100 µm can be labeled using 

the floating section immunolabeling steps in Basic Protocol 1 and can be imaged using a 

confocal fluorescence microscope without tissue clearing. This allows the analysis of 

approximately 2 hair shaft diameters depth of skin in each section. Flat mount skin can 

be used for analysis of single neuron receptive fields and innervation patterns when 

combined with sparse labeling approaches or can be used to assay general neuronal 

density when combined with population specific antibody labeling. 

Critical Parameters: 
The key parameter when planning experiments involving the histological analysis 

of mouse skin innervation is the stage of the hair follicle replacement cycle (Alonso, 

2006; Müller-Röver et al., 2001; Sundberg et al., 2005). In brief, hairy skin goes through 

a series of three stages: anagen, the growth of a new hair shaft and loss of the old hair 

shaft; catagen, the transition from growth into resting phase where the stem cells 

responsible for hair growth undergo apoptosis; and telogen, the resting phase where a 

mature hair shaft and follicle are present waiting to be replaced. During this cycle, the 
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thickness of the skin varies, being thinnest during telogen and thickest during mid-late 

anagen. While the skin is thicker and contains more of the hair shaft, labeling and 

imaging becomes difficult or impossible due to limits on antibody penetration and light 

scattering induced by hair shafts. In most laboratory mouse strains hair development 

starts at approximately postnatal day 3 and reaches its first telogen between postnatal 

day 19 and day 21, making this the first window of opportunity for analysis of flat 

mounted skin (Müller-Röver et al., 2001). The hair cycle repeats every 20-40 days, 

becoming more desynchronized across the animal as time goes on. In older animals, 

hair cycle stage can be judged based on the color of the skin in pigmented mouse 

strains, or on the thickness of the skin in pigmentless mice (Müller-Röver et al., 2001). 

Experiment timing may have to be empirically determined based on mouse strains used 

and the effects of genetic manipulations, particularly manipulations of cell death and 

hair follicle specification pathways (Nowak et al., 2008).  

Hair cycle stage is less important for imaging glabrous skin, and for processing 

and analysis of slide mounted hairy skin sections. Floating skin sections can be 

successfully prepared from tissue at all phases of the hair cycle, but samples from 

animals in catagen are much more difficult to flatten onto slides after labeling and are 

more prone to tissue damage during processing.  
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Troubleshooting: 
Problem Possible Cause Solution 
Skin sections fall apart during 
floating section labeling 

Fungal/bacterial growth in 
labeling solution if cloudy 

Dispose of blocking buffer 
stock and remake fresh 
stock; ensure NaN3 is 
included in blocking buffer 

Cryosections break apart or 
horizontal lines run through 
sections 

Cryostat is too cold 
Block or blade is loose 

Increase chamber 
temperature of cryostat 1-2°C  
Securely tighten all blade 
holder adjustments and add 
additional OCT to 
block/mandrel 

Cryosections smear on blade 
or compress during cutting 

Cryostat is too warm Lower the chamber 
temperature 1-2°C. 

Vertical lines running through 
cryosections 

Debris on cryostat blade or 
anti-roll plate 
Cryostat blade is 
damaged/dull 

Clean blade and anti-roll 
plate 
Replace blade  

Large “clumps” of Oil Red O 
pigment collect on sample 

0.3% Oil Red O solution not 
filtered before staining 
Skin is not in telogen 
Skin needs additional 
destaining washes in 60% 
isopropyl alcohol 

Filter 0.3% Oil Red O solution 
after mixing 
Extend the 60% isopropyl 
alcohol wash step, image 
skin with the epidermal 
(outside) face up 

Low signal intensity  Antibody concentration too 
low 
 
Poor tissue fixation 
 
Poor secondary antibody 
choice for microscope 

Increase antibody 
concentration and repeat 
labeling 
Fix tissue with perfusion 
when possible 
Use fresh fixative when 
possible 
Choose fluorescent 
secondary antibodies 
carefully to balance 
background autofluorescence 
with brightness 

Uneven labeling across 
sections or tissues 

Poor or uneven tissue fixation 
 
 
 
Incomplete coverage of 
tissue with labeling solution 
 

Re-attempt experiment using 
fixative perfusion rather than 
drop fixation 
Increase labeling solution 
volume and ensure samples 
are moving freely in tubes 
during incubation 
Ensure slides do not dry out 
during incubation, use a 
humidified slide staining 
chamber if possible. 

Bright “clumps” in 
fluorescently labeled samples 

Aggregation of secondary 
antibodies 

Spin stock tubes of 
secondary antibodies at 5000 
x g for 5 minutes at room 
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temperature or 4°C and use 
only supernatant from the top 
of the tube or pass secondary 
antibody solution through a 
0.45 µm syringe filter before 
application. 
Replace old secondary 
antibodies with fresh ones as 
needed. 

Dehydrated whole mount skin 
does not fully clear within 30-
45 minutes in BABB 

Skin is not fully dehydrated 
(can occur if final wash did 
not run long enough or if final 
wash was not in 100% 
MeOH.) 
 

Attempt to re-dehydrate skin 
samples by immersing in 
100% MeOH at room 
temperature overnight. This 
may dramatically reduce 
signal intensity. 

High background in skin 
sections  

Natural autofluorescence in 
488 nm/FITC/GFP range 

Avoid 488 nm/FITC/GFP 
range when possible. 
Use only strongly fluorescent 
antibody labels on the 488 
nm/FITC/GFP channel. 

Table 1: Troubleshooting Guide 

Understanding Results: 
Expected results from fluorescently labeled skin and paw sections and flat-mount 

skin will depend heavily on the imaging modality used. Standard widefield fluorescence 

imaging can be used for general surveying of samples and for identification of gross 

changes to innervation, such as denervation. Widefield microscopy can also be used on 

hairy skin sections to examine the proportion of follicles innervated by a given neuronal 

subtype through follicle and nerve ending counting. Using structured illumination 

widefield microscopy, such as the Zeiss Apotome.2 system, optical sections can be 

taken allowing for tissue depth segmentation in flat-mount samples. This allows for 

more focused analysis of specific skin layers (i.e., free nerve endings vs. longitudinal-

lanceolate endings) (Fig. 5C-E). Detailed analysis into changes in nerve ending density 

or morphology in both section and flat-mount preparations will generally require imaging 

on a confocal microscope equipped with a 40x oil-immersion objective. Examples of 
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image quality from structured illumination widefield and confocal microscopy in hairy 

and paw skin sections (Fig 3D-E, Fig 4E-F).  

Imaging of Alkaline Phosphatase and Oil Red O stained skin is done using 

traditional brightfield microscopy. Alkaline Phosphatase stained and cleared skin can be 

imaged a brightfield capable upright microscope or a dissecting microscope capable of 

transmission illumination. Clearer images can be obtained using a color microscope 

camera to separate the natural purple-blue tint of the Alkaline Phosphatase precipitate 

from the natural tint of the cleared skin (Fig. 6B, D). Likewise, the intense red color of 

Oil Red O labeled hair follicles can be used to isolate stained areas for automated 

analysis if imaged on a color camera (Fig. 7B).  

Time Considerations: 
The protocol for sectioned hairy skin (Basic Protocol 1) can be run from start to 

finish in just over 3.5 days, including the two overnight incubation steps (fixation, 

sucrose, and primary incubation). The hands-on steps for this protocol require 6-8 hours 

spread over the 3.5 days, with the bulk of the hands-on time spent in the sectioning and 

imaging steps. 

Alternate protocol 1 can be run from start to finish over 2 days if needed by 

omitting the overnight wash step and freezing/sectioning tissue on the same day it is 

collected. It is important that the tissue is allowed to dry on slides for at least 4 hours 

after sectioning and before immunolabeling to ensure good section adhesion. As with 

Basic Protocol 1, the bulk of the time in this protocol is spent sectioning and imaging 

and will increase as additional samples are added. 

The protocol for sectioned glabrous skin (Basic Protocol 2) can be run from start 

to finish in 5.5 days, with multiple overnight steps and a 2-day incubation with no 
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interaction. Like Basic Protocol 1, the bulk of the hands-on time is spent in sectioning 

and imaging of the tissue. 

The protocol for whole mount skin immunolabeling (Basic Protocol 3) can be run 

from start to finish in 7-14 days depending on the amount of time spent in primary 

incubation. This will need to be determined empirically for specific age/antibody 

combinations. The bulk of this time is hands-off, requiring 6-8 hours of hands-on time 

spread over the length of the protocol. The amount of time to complete the protocol 

does not increase significantly with additional samples. 

The protocol for whole mount skin immunohistochemical labeling with a Cre-

dependent placental alkaline phosphatase (Basic Protocol 4) can be run from start to 

finish in 3-5 days depending on the length of time spent in AP development. As with the 

other protocols much of this time is hands-off, requiring 6-8 hours over the length of the 

protocol. 

The protocol for Oil Red O staining of whole skin samples (Basic Protocol 5) can 

be run from start to finish in 1.5 days including the one overnight fixation step. The 

staining and washing steps take 4-5 hours total, with approximately 45 minutes of 

hands-on time once all solutions are made. 

Imaging and image analysis time for all these protocols will vary greatly based on 

the imaging methodology chosen and the specific analysis needs of the experiments. 

Imaging of Oil Red O and Alkaline Phosphatase-stained skin is much quicker than 

imaging of fluorescently labelled samples due to using brightfield microscopy rather 

than multi-color fluorescence, structured illumination, or confocal microscopy. Image 

analysis time can range greatly depending on the desired analysis. For example, hair 
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follicle density from Oil Red O stained skin samples can be quickly calculated manually 

using cell counting software included in Fiji and can be easily automated with cell/point 

counting programs. In contrast, detailed tracing of single neuron receptive fields in the 

skin can take upwards of 2 hours per neuron depending on the complexity and is a task 

which is difficult to automate using existing automated axon tracing programs. 
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Summary Statement 
Aδ follicle-innervating low-threshold mechanoreceptor neurons form tiled receptive 

fields through competition for hair follicles during the early postnatal period. 

Abstract 
The mammalian somatosensory system is comprised of multiple neuronal populations 

that form specialized, highly organized sensory endings in the skin. The organization of 

somatosensory endings is essential to their functions, yet the mechanisms which 

regulate this organization remain unclear. Using a combination of genetic and molecular 

labeling approaches, Iexamined the development of mouse hair follicle-innervating low-

threshold mechanoreceptors (LTMRs) and explored competition for innervation targets 

as a mechanism involved in the patterning of their receptive fields. Ishow that follicle 

innervating neurons are present in the skin at birth and that LTMR receptive fields 

gradually add follicle-innervating endings during the first two postnatal weeks. Using a 

constitutive Bax knockout to increase the number of neurons in adult animals, I show 

that two LTMR subtypes have differential responses to an increase in neuronal 

population size: Aδ-LTMR neurons shrink their receptive fields to accommodate the 

increased number of neurons innervating the skin, while C-LTMR neurons do not. Our 

findings suggest that competition for hair follicles to innervate plays a role in the 

patterning and organization of follicle-innervating LTMR neurons. 

Introduction 
Mammalian somatosensation relies on the proper development, organization, 

and integration of multiple highly specialized sensory neuron subtypes that reside in the 

dorsal root ganglia (DRG) (Rice and Albrecht, 2008). In mice, there are at least 10 

identified subtypes of skin-innervating sensory neurons, which can be broadly 
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categorized as hairy skin-innervating or glabrous skin-innervating based on their 

terminal ending locations (Burgess et al., 1968; Cain et al., 2001; Halata, 1993; Iggo 

and Muir, 1969; Joong Woo Leem et al., 1993; Knibestöl, 1973; Lynn and Carpenter, 

1982; Paré et al., 2002). Historically, these two groups of somatosensory neurons were 

subdivided based on their conduction velocity and responses to stimuli as measured by 

electrophysiological recordings (Brown and Iggo, 1967; Horch et al., 1977; Joong Woo 

Leem et al., 1993; Lewin and McMahon, 1991). In hairy skin, follicles are innervated by 

multiple populations of low-threshold mechanoreceptive neurons (follicle-innervating 

LTMRs). Each LTMR neuron extends a peripherally projecting axon into the skin, where 

it elaborates a receptive field containing highly specialized endings around hair follicles. 

A series of landmark studies identified tools to genetically label somatosensory neuron 

subtypes, including the Aβ rapidly adapting (RA)-LTMR, Aδ-LTMR, and C-LTMR 

neurons, populations that were previously distinguished only by their 

electrophysiological characteristics (Li et al., 2011; Luo et al., 2009; Rutlin et al., 2014; 

Wu et al., 2012). These tools have enabled the examination of LTMRs on a population 

specific and single neuron level, allowing for more detailed questions about receptive 

field patterning and organization mechanisms to be asked. 

In adult mice, the follicle-innervating LTMR neurons form discrete and 

stereotyped receptive fields, innervating a constrained number of hair follicles in the skin 

(Bai et al., 2015). LTMR subtypes show remarkable selectivity in the populations of hair 

follicles that they innervate. Aδ-LTMRs and C-LTMRs innervate both zigzag hairs and 

awl/auchene hairs, which comprise approximately 74% and 25% of the total hairs in the 

skin, respectively. Aβ RA-LTMRs form receptive fields innervating awl/auchene hairs, as 
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well as guard hairs that comprise approximately 1% of the hairs in the skin (Kuehn et 

al., 2019; Li et al., 2011). Detailed electron microscopy studies also illustrated the 

ultrastructure of the longitudinal lanceolate ending (LLE), its ensheathing terminal 

Schwann cells, and their interaction with the hair follicle (Li and Ginty, 2014). These 

studies together laid the groundwork for molecularly driven exploration into the 

development and function of follicle-innervating neurons. 

The strict organization of follicle innervating neurons into constrained receptive 

fields is essential for the proper localization of touch stimulus on the body. Recently, 

advancements in genetically driven multi-fluorophore reporter systems made it possible 

to examine the interactions between neurons of the same genetic subtype in adult mice. 

These studies showed that Aδ-LTMR and C-LTMR neurons form tiled receptive fields 

with minimal overlap between neighboring homotypic neurons. In contrast, Aβ RA-

LTMR neurons form receptive fields that overlap with those of neighboring Aβ RA-LTMR 

neurons, resulting in LLEs from multiple Aβ RA-LTMR neurons at each guard hair 

(Kuehn et al., 2019). The mechanisms by which follicle-innervating LTMR neurons form 

exclusive receptive fields remains largely unexplored. 

The homotypically tiled arrangement of Aδ-LTMRs and C-LTMRs in mice is 

reminiscent of the innervation patterns of dendritic arborization (DA) neurons in larval 

Drosophila melanogaster epidermis (Grueber et al., 2002). The four DA neuronal 

subtypes show differing capacities for homotypic receptive field arrangement. Class IV 

and III DA neurons tile the body wall with differing degrees of receptive field overlap, 

while Class I and II DA neurons show no repulsive response to homotypic neurons 

(Grueber et al., 2003). Tiled dendritic receptive fields have also been observed in 
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neurons innervating the epidermis in Manduca sexta and Haementeria ghilanii 

(Blackshaw et al., 1982; Grueber et al., 2001; Kramer and Kuwada, 1983). The 

paradigm of sensory neuron receptive field patterning is also present in vertebrate 

systems. Danio rerio trigeminal neurons arrange at the midline through repulsive 

mechanisms like those seen in Drosophila (Sagasti et al., 2005). In the mouse retina, 

multiple examples of dendritic tiling and population-based organization exist. Bipolar cell 

subtypes and horizontal cells tile to innervate all available photoreceptor terminals while 

excluding neighboring homotypic dendritic fields and can adjust their receptive field size 

to accommodate changes in population. (Huckfeldt et al., 2009; Reese et al., 2005). In 

contrast, some amacrine cells show substantial overlap of dendritic arbors with 

homotypic neighbors and maintain dendritic field size even when cell density is altered 

(Farajian et al., 2004; Keeley et al., 2020; Lee et al., 2011).  

In this study, I closely examine the development and maturation of hair follicles 

and follicle-innervating LTMR neurons over the first three postnatal weeks in mice. I test 

the hypothesis that LTMRs tile their receptive fields through a process which responds 

to increases in neuronal population by generating smaller receptive fields. I show that 

follicle innervation and hair follicle maturation coincide during the early postnatal window 

(before postnatal day 7, P7), and that by P14, follicle-innervating LTMR receptive fields 

have similar numbers of mature LLEs as adult receptive fields. Finally, using genetic 

tools to sparsely label single follicle-innervating LTMR neurons, I show that they form 

receptive fields in part through homotypic competition during the early postnatal period.  
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Results 
Mouse hair follicle maturation occurs during the early postnatal window 

Follicle-innervating LTMR neurons are highly branched in the skin to form 

receptive fields of highly specialized LLEs around hair follicles. Each follicle-innervating 

LTMR subtype selectively innervates specific hair follicle subtypes (Fig. 1A). However, 

the process by which this occurs during development is poorly understood. To 

understand the temporal relationship between hair follicles and LTMRs during 

development, I first characterized the postnatal maturation of hair follicles. Previous 

literature characterizing hair follicle maturation demonstrated that hair follicles are 

established in multiple waves starting at embryonic day 15 (E15) and continue through 

P9, when all hair follicles have a mature structure, including a hair shaft emerging from 

the skin (Paus et al., 1999). To assess hair follicle density during the early postnatal 

period, back skin was collected from mice at time points between P0 and P60 (Fig. 1B-

G). Hair follicles could be easily identified as cell-dense structures in skin sections by 

staining with the nuclear marker DAPI. Hair follicle density was calculated by counting 

the number of hair follicle structures (long DAPI-dense structures) present in a known 

length of skin. Hair follicle density initially remains stable from P1-P6, then decreases 

beginning at P14 as mice grow more rapidly (Fig. 1H, Table 1). This decrease in density 

corresponds with hair follicles completing their passage through the hair follicle cycle, as 

can be seen by the changes in dermal thickness over time (Müller-Röver et al., 2001). 

 I further analyzed the changes in hair follicle density by normalizing the density 

measurements for each timepoint to the average body length of a cohort of age-

matched mice (Fig. S1A). This normalization supports the conclusion that hair follicle 

density decreases as mice grow, and that the density of hair follicles decreases more 
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than would be expected if mice were adding hair follicles at a rate that kept pace with 

animal growth (Fig. S1B). From these data, I conclude that hair follicle maturation 

occurs rapidly in the early postnatal window and that the rate of hair follicle addition 

decreases in maturing mice. 
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Sensory neurons form specialized endings concurrently with hair follicle 
maturation 
  I next examined the developmental time course of hair follicle innervation using 

the pan-neuronal marker β-III Tubulin. I quantified the proportion of hair follicles with a 

β-III Tubulin-positive nerve ending encircling the follicle at multiple developmental 

timepoints from P1-P60 (Fig. 2A-F). Axons are present in the dermis and epidermis at 

P1, but very few innervate hair follicles at this age (Fig. 2A, 2G). While axon branches 

are present at the expected depth for follicle-innervating LLEs (inset region, Fig. 2A), 

these neurite branches do not yet encircle the hair follicle. There is a significant 
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increase in the proportion of innervated hair follicles at P3, with over half of hair follicles 

encircled by a β-III Tubulin-positive axon (Fig. 2B, 2G). At P3 the encircling endings 

have not formed the LLE projections characteristic of follicle-innervating LTMRs. By P6 

the innervation of hair follicles is nearly complete and the characteristic LLEs have 

appeared, projecting towards the epidermal surface along the hair shaft from the 

encircling neurite (Fig. 2C and inset, 2G). By P14, hair follicle innervation is complete, 

and the proportion of innervated hair follicles and LLE morphology remains unchanged 

at P21 and P60 (Fig. 2D-F, 2G, Table 1). These findings are largely in agreement with 

other studies and suggest that murine hair follicle innervation occurs during the early 

postnatal window, and that by the end of the first postnatal week hair follicle innervation 

has reached a grossly mature state (Meltzer et al., 2022b preprint; Peters et al., 2002). 
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Aβ RA-LTMR follicle innervation precedes C-LTMR and Aδ-LTMR follicle 
innervation 

I next investigated whether there is a temporal hierarchy of hair follicle 

innervation between LTMR subtypes. To assess the development of hair follicle 

innervation by specific LTMR subtypes, I utilized three separate labeling strategies. 

Based on data from single-cell RNA sequencing performed on adult dorsal root ganglia 

neurons and previous studies examining LTMR development, I identified ubiquitous 

markers for Aβ RA-LTMRs (anti-Calbindin immunohistochemistry) and C-LTMRs 

(Vglut3iCre driven TdTomato expression (Ai9)), and an inducible marker for Aδ-LTMRs 

(TrkBCreERT2 driven placental alkaline phosphatase (R26iAP) reporter) (Badea et al., 

2003; Lou et al., 2013; Rutlin et al., 2014; Seal et al., 2009; Sharma et al., 2020; 

Usoskin et al., 2015).  

Calbindin+ Aβ RA-LTMRs innervate guard (tylotrich) hairs, which make up 

approximately 1% of the hair follicles in mouse skin, and awl/auchene hairs which make 

up approximately 25% of the follicles (Kuehn et al., 2019; Li and Ginty, 2014). At P1, 

there are very few Calbindin+ follicle-encircling nerve endings present (Fig. 3A, 3G), but 

by P3 the proportion of hair follicles with Calbindin+ encircling LTMR endings has 

significantly increased to approximately adult levels (Fig. 3B, 3G) and remains stable 

through at least P60 (Fig. 3C-F, 3G, Supplementary Table 1). C-LTMRs innervate the 

two families of non-tylotrich hairs, the zigzag hairs (~74% of hair follicles) and the 

awl/auchene hairs (Kuehn et al., 2019; Li and Ginty, 2014). At P1, Vglut3+ C-LTMR 

axons are present in the skin but there are few follicle-innervating nerve endings 

present (Fig. 3H, 3N). The proportion of C-LTMR-innervated hair follicles significantly 

increases between P1 and P3, with over half of hair follicles receiving innervation from a 
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C-LTMR axon ending (Fig. 3I, 3N). By P6 the proportion of C-LTMR innervated hair 

follicles has increased to approximately adult levels, where it remains stable (Fig. 3J-M, 

3N, Table 1).  
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To explore the timing of Aδ-LTMR receptive field development, I crossed the 

inducible TrkBCreERT2 line with a Cre-inducible GFP reporter line (Ai140D) to sparsely 

label Aδ-LTMRs, and imaged receptive fields at multiple time points (Daigle et al., 2018; 

Pomaville and Wright, 2021; Rutlin et al., 2014). The Aδ-LTMRs were ideal for 

developmental receptive field analysis as they were genetically accessible with prenatal 

tamoxifen administration and TrkBCreERT2 labels a stable population of cells throughout 

development. In the first 24 hours after birth, there are few follicle-innervating nerve 

endings present in the skin, though TrkB+ Aδ-LTMR axons are present and have begun 

to branch (Fig. 4A, 4E). At P3 the neurons have begun to form follicle-innervating 

endings (Fig. 4B, arrowheads, 4E), but still contain many non-follicle-innervating 

neurites (Fig. 4B, 4E). The transition from non-ending forming neurites to follicle-

innervating endings continues at P6 (Fig. 4C, 4E). By P14 the receptive fields resemble 

those in mature animals, with few non-follicle-innervating neurites present, and 

hemicircular LLEs are present at most hair follicles in the innervated area (Fig. 4D, 4E, 

Supplementary Table 2). The completion of Aδ-LTMR development is further confirmed 

in sections of P14 skin co-labeled with β-III Tubulin and TrkBCreERT2;R26iAP driven with 

multiple high prenatal doses of tamoxifen (Fig. S2A-C). Quantification of the proportion 

of hair follicles innervated by a TrkB+/β-III Tubulin + ending shows innervation matching 

expected proportions in adult animals (92.2% ± 3% s.e.m.). Taken together, these data 

show that innervation of hair follicles by LTMRs is an ongoing process during the first 

two postnatal weeks, and there is a subtype-specific temporal hierarchy of hair follicle 

innervation, with Calbindin+ Aβ RA-LTMRs preceding both Vglut3+ C-LTMRs and TrkB+ 

Aδ-LTMRs. 
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Competition between Aδ-LTMRs shapes their receptive fields 
 Many sensory neurons tile their receptive fields in order to reduce homotypic 

overlap (Grueber et al., 2001; Grueber et al., 2002; Grueber et al., 2003; Sagasti et al., 

2005). Of the hair follicles innervated by C-LTMRs, <30% are innervated by multiple C-

LTMRs; for Aδ-LTMRs, <10% are innervated by multiple Aδ-LTMRs (Kuehn et al., 

2019). I hypothesized that this near-exclusive pattern of receptive field innervation is the 

result of homotypic competition for territory. If this were true, I would expect individual 
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neurons of a given subtype to adjust their receptive field size in response to changes in 

neuronal subtype population. I developed a genetic strategy to test this hypothesis 

using deletion of the proapoptotic protein Bax to generate a model of neuronal 

overpopulation. Deletion of Bax blocks developmental programmed cell death in DRG 

neurons and results in 50-70% increases in the number of TrkA, TrkC, TrpV1, and 

CGRP-positive DRG neurons (Kinugasa et al., 2006; Sun et al., 2004; Suzuki et al., 

2010). However, the effect of Bax deletion on LTMR populations has not previously 

been assessed.  

 To quantify the effect of Bax deletion on Aδ-LTMR and C-LTMR populations, I 

collected cryosections from the sixth thoracic DRG, which contains the neurons 

responsible for innervating the thoracic skin but contains no limb or glabrous skin 

innervating neurons(Takahashi and Nakajima, 1996). Sections were labeled with 

markers for sensory neurons (Islet 1/2, Fig. 5A, 5E), C-LTMRs (Tyrosine Hydroxylase 

(TH), Fig. 5B, 5F), and Aδ-LTMRs (TrkBCreERT2; R26iAP, (see methods) Fig. 5C, 5G), and 

the number of marker-positive cell bodies in the imaged sections was manually counted. 

Cell counts from wild-type and heterozygous mice showed no significant differences in 

any comparison and were pooled together for analysis (Fig. S3A-C). I found an overall 

19% increase in the number of Islet 1/2-positive neurons in Bax-/- animals compared to 

control animals. The number of TrkBCreERT2+ Aδ-LTMRs showed a significant increase 

(53%) in Bax-/- animals compared to control littermates. The number of TH+ C-LTMRs 

increased 33% in Bax-/- animals compared to control littermates, which was not 

statistically significant (Fig. 5I, Table 3). Deletion of Bax had no effect on hair follicle 

density in P21 mice, as measured using Oil Red O staining (Fig. S4A-D). Therefore, 
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Bax deletion results in a significant overpopulation of Aδ-LTMR neurons but does not 

significantly affect the number of C-LTMR neurons or the targets of LTMR innervation 

(hair follicles). 
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If LTMRs of the same subtype compete for territory, I would expect that the receptive 

fields of individual Aδ-LTMRs would become smaller in Bax-/- animals to accommodate 

the excess number of neurons, while the receptive fields of C-LTMRs would remain 

largely unchanged. To test this, I generated triple transgenic mice carrying 1: tamoxifen 

inducible Cre driver lines for Aδ-LTMRs (TrkBCreERT2) or C-LTMRs (THIRES-CreER), 2: a 

Cre-dependent placental alkaline phosphatase reporter (R26iAP), and 3: Bax+/+, Bax+/-, 

or Bax-/-  (Badea et al., 2009; Knudson et al., 1995; Rotolo et al., 2008; Rutlin et al., 

2014). I administered low doses of tamoxifen to timed-pregnant dams (Aδ-LTMRs) or 

juvenile mice (C-LTMRs) to sparsely label receptive fields and quantified the number of 

hair follicles in each receptive field of young adult animals (P21). Representative images 
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of Aδ-LTMR and C-LTMR receptive fields (Fig. 6A-6G) from Bax+/+, Bax+/-, and Bax-/- 

mice were traced using the FIJI plugin Simple Neurite Tracer (Fig. 6A’-G’) to better 

illustrate the receptive field structure (Longair et al., 2011; Schindelin et al., 2012). Aδ-

LTMRs showed a significant reduction in the number of hair follicles innervated by each 

neuron in Bax-/- animals (24.2 ± 0.5 s.e.m. follicles/neuron) compared with both wild-type 

(31.6 ± 0.8 s.e.m. follicles/neuron) and heterozygous (29.5 ± 0.5 s.e.m. follicles/neuron) 

animals (Fig. 6D). This represents a 23% decrease in the number of hair follicles 

innervated by single Aδ-LTMRs in Bax-/- animals. In contrast to the Aδ-LTMRs, there 

was no significant difference in the number of hair follicles innervated by each C-LTMR 

receptive field in Bax-/- (14.8 ± 0.7 s.e.m. follicles/neuron), heterozygous (16.6 ± 1.1 

s.e.m. follicles/neuron), or wild-type (16.6 ± 0.5 s.e.m. follicles/neuron) animals (Fig. 

6H). No significant differences were seen between mice of the same Bax genotype 

across litters for both Aδ-LTMRs and C-LTMRs (Fig. S5A-B). Therefore, I conclude that 

follicle-innervating LTMRs form their receptive fields in part through homotypic 

population-based competition. 
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Discussion 
The organized development of skin- and hair follicle-innervating sensory neurons 

is essential for communicating meaningful information about touch to the brain in order 

to moderate behavior. In this study I make use of multiple cell-type specific molecular 

and genetic tools to analyze the development of hair follicle innervation and explore the 

principles that govern follicle-innervating LTMR receptive field organization. I show 

innervation of hair follicles and initial LLE development occurs during the first two 

postnatal weeks, and that by P14, mice show an adult innervation pattern. I also show 

that LTMR subtypes have a differential dependence on Bax-mediated developmental 

apoptosis, with Aδ-LTMRs responding to deletion of Bax by significantly increasing their 

population, while the population of C-LTMRs increases only slightly. Finally, I 

demonstrate that in response to this change in population, Aδ-LTMR neurons shrink 

their receptive fields to accommodate their neighbors. 

LTMR receptive fields undergo gradual refinement during the first two postnatal 
weeks 
 Previous work has described the tight association between hair follicles and the 

follicle-innervating LTMRs, showing PGP9.5 labeled axons wrapping hair follicles as 

early as E18, and describing the adult morphology of LTMRs in a population-specific 

manner (Bai et al., 2015; Li and Ginty, 2014; Li et al., 2011; Peters et al., 2002; Rutlin et 

al., 2014). Our work builds upon this by analyzing the development of follicle innervation 

during the first three postnatal weeks in an LTMR-subtype-specific manner. Specifically, 

I present a detailed timeline showing a gradual development of follicle innervation by Aβ 

RA-LTMRs and C-LTMRs during the first two postnatal weeks (Fig. 3). I also used a 

genetically-driven sparse labeling approach to examine the development of individual 
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Aδ-LTMR receptive fields, showing a gradual development of follicle-innervating 

endings and refinement of LTMR receptive field characteristics during the first two 

postnatal weeks (Fig. 4). These findings agree with recent work describing interactions 

between LTMR axons and terminal Schwann cells at the hair follicle during this time 

period (Meltzer et al., 2022b preprint). 

Follicle Innervation Develops in a Temporally Ordered Manner 
 Our detailed examination of LTMR follicle innervation development revealed a 

temporal hierarchy for the different subtypes, with Aβ RA-LTMRs completing their 

innervation of hair follicles by P3, before C-LTMRs and Aδ-LTMRs do at P6 (Fig. 3). 

Recent comparison of the development of Aβ RA-LTMRs and Aδ-LTMRs supports this 

conclusion, showing Aβ RA-LTMRs maturing at P3 and Aδ-LTMRs maturing after P6 

(Meltzer et al., 2022b preprint). This temporal hierarchy parallels the maturation of hair 

follicle subtypes. Guard hair placodes, which are innervated by Aβ RA-LTMRs, 

consolidate between E14 and E15, with the first guard hair shafts appearing between 

E16 and E18. The consolidation of other hair follicle placodes, which are innervated by 

C-LTMRs and Aδ-LTMRs, occurs in successive waves continuing until after birth 

(Hardy, 1949; Mann, 1962; Peters et al., 2002). This temporal hierarchy of innervation 

could also be due to the temporal order of LTMR differentiation. EdU birth dating studies 

have shown that Aβ RA-LTMR neurons are born as early as E9.5 and have a peak birth 

rate at E10.5 before sharply dropping off. In contrast, C-LTMRs and Aδ-LTMRs are born 

approximately one day later, peaking at E11.5 and gradually tapering off by E13.5 

(Landy et al., 2021). Furthermore, single-cell transcriptomic analysis of the developing 

DRG shows that C-LTMRs are among the last populations to mature as transcriptionally 

distinct subtypes, mirroring their birthdate hierarchy (Sharma et al., 2020). It is tempting 
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to speculate that early-born Aβ RA-LTMRs could be a “pioneer” axon population in the 

periphery, functioning as a scaffold along which axons from Aδ-LTMRs and C-LTMRs 

grow before branching to form receptive fields. In invertebrate systems, pioneer axons 

play a critical role in establishing peripheral innervation patterns, and ablation of these 

cells leads to significant disruptions in follower axons (Bate, 1976; Edwards, 1977; 

Edwards et al., 1981; Keshishian, 1980; Klose and Bentley, 1989). In vertebrates, early 

extending axons often act as a permissive substrate upon which later-born neurons can 

extend their axons, but the necessity of these early-extending axons is less clear 

(Melançon et al., 1997; Pike et al., 1992; Pittman et al., 2008). In an interesting parallel, 

Ret is expressed in both early-born Aβ RA-LTMRs and in a population of pioneer axons 

in the zebrafish posterior lateral line (Tuttle et al., 2019). Future studies will be required 

to determine if early born Ret+ Aβ RA-LTMRs function as pioneers in the mouse DRG.  

Knockout of the proapoptotic protein Bax shows differential effects on LTMR 
populations 

To understand how competition between LTMR neurons might influence 

receptive field development, I devised a genetic strategy to drive LTMR overpopulation 

by blocking developmental apoptosis. Multiple studies have demonstrated that sensory 

neurons are initially overproduced, followed by a wave of developmental apoptosis 

regulated by target-derived factors which ensures neurons and targets are appropriately 

matched (Reviewed in Buss et al., 2006; Fariñas et al., 1994; Oppenheim et al., 1991). 

Genetic deletion of the pro-apoptotic protein Bax blocks developmental apoptosis and 

results in significantly increased numbers of neurons in the DRG (Patel et al., 2000; 

White et al., 1998). While Bax knockout animals show a 1.5-fold to 1.8-fold increase in 

the population of proprioceptive and nociceptive DRG neurons and increased sensory 
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axon density in the paw, previous studies had not examined the effect of Bax deletion 

on populations of LTMRs (Suzuki et al., 2010). Our experiments specifically examining 

follicle-innervating LTMRs showed a significant increase in the number of Aδ-LTMR 

(TrkB+) DRG neurons, but only a small, non-significant increase in C-LTMR (TH+) DRG 

neurons. These results reveal an interesting difference in the dependence of different 

neuronal LTMR subtypes on developmental apoptosis to achieve their final numbers. 

The basis for this difference is unknown, but may involve mechanisms related to the 

specification, differentiation, and/or organization of LTMR neurons, such as the role for 

target-derived trophic cues in LTMR population determination and LLE maintenance. 

Homotypic competition plays a role in LTMR receptive field organization 
The development of tools for subtype-specific labeling of LTMRs revealed 

several interesting organizational properties. First, different LTMR subtypes have 

different hair follicle innervation patterns, with Aβ RA-LTMRs innervating guard and 

awl/auchene hairs, while Aδ-LTMRs and C-LTMRs innervate zigzag and awl/auchene 

hairs. Second, LTMRs have distinct, highly stereotyped receptive fields that typically 

innervate a fixed range of hair follicles (Bai et al., 2015; Li and Ginty, 2014; Li et al., 

2011; Rutlin et al., 2014). In our study, I attempted to address these properties at a 

cellular level by examining the role of homotypic competition in the establishment of 

receptive fields. I reasoned that inducing overpopulation of LTMR subtypes with Bax 

deletion would lead to two potential outcomes. Either neurons would decrease their 

receptive field size to accommodate the increased number of neighbors and preserve 

homotypic tiling, or they would maintain their receptive field size at the expense of tiling. 

Aδ-LTMRs showed a clear preference for adjusting their receptive field size to 

accommodate the population increase, with each neuron in Bax-/- mice forming a 
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receptive field innervating significantly fewer hair follicles than in wild-type mice. In 

contrast, despite a small increase in the number of C-LTMRs in Bax deficient mice, 

these neurons did not adjust their receptive field size, suggesting they may overlap 

more than in Bax wild-type animals. This difference in response could be due to the 

stringency of the tiling behaviors of the two LTMR subtypes: approximately 10% of hair 

follicles in wild-type mice are innervated by two distinct Aδ-LTMRs, whereas 25% of hair 

follicles are innervated by two distinct C-LTMRs (Kuehn et al., 2019). I attempted a 

complementary approach, ablating a portion of the Aδ-LTMR population prenatally 

using the TrkBCreERT2 driver crossed to a Cre-dependent sensory neuron specific 

Diphtheria toxin receptor (AviliDTR), reasoning that population depletion before follicle 

innervation would result in larger receptive fields (Stantcheva et al., 2016). 

Unfortunately, these experiments resulted in perinatal lethality, potentially due to off-

target effects of Diphtheria toxin administration.  

At the molecular level, there is little known about the cues that regulate the 

targeting of LTMR subtypes to specific hair follicle types or the establishment of 

receptive fields. While BDNF derived from hair follicle-associated epithelial cells is 

important for the polarized innervation pattern and LLE maturation of TrkB+ Aδ-LTMR 

axonal endings, it is dispensable for the initial attraction of Aδ-LTMR axons to hair 

follicles, and it is unknown whether it regulates receptive field size (Rutlin et al., 2014). 

Similarly, recent work has shown that the GPI-linked receptor Netrin-G1 is required in 

LTMRs for the proper maturation of terminal endings around hair follicles, but not for 

terminal axon branching or receptive field size (Meltzer et al., 2022b preprint). In 

contrast, ɣ-Protocadherins are important for the peripheral branching and innervation of 
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non-guard hair follicles by Aβ-LTMRs, but not for the maturation of LLEs (Meltzer et al., 

2022a preprint). Together, these data suggest that the initial innervation of hair follicles 

and the morphological maturation of their terminal endings are distinct events regulated 

by different molecular pathways. Interestingly, terminal Schwann cells are the source for 

ligands/binding partners for both Netrin-G1 and ɣ-Protocadherins in LTMRs, 

demonstrating that they play a critical role in regulating hair follicle innervation (Meltzer 

et al., 2022a preprint; Meltzer et al., 2022b preprint).  

Why do distinct LTMR subtypes display different receptive field morphologies? 

Presumably, tight regulation of LTMR receptive field size and organization is intrinsically 

tied to their sensory functions. In order to allow for precise localization of a stimulus, 

cutaneous sensory neurons must innervate a constrained area of the skin and relay this 

information to the proper regions of the central nervous system. LTMR receptive field 

size and organization is also an important factor in determining the firing properties of 

individual neurons. Single neuron recordings from LTMRs have demonstrated 

significant sensory specialization across subtypes. The Aβ RA-LTMRs and C-LTMRs 

both fire action potentials in response to generalized skin indentation and skin stroking 

in the direction of hair growth (head to tail), differing in their specific response properties 

(Li et al., 2011). Aδ-LTMRs also fire action potentials in response to skin indentation, 

but selectively fire in response to skin stroking opposite the direction of hair growth (tail 

to head) due to their hemicircular arrangement on the caudal side of the hair follicle 

(Rutlin et al., 2014). Aβ RA-LTMRs, Aδ-LTMRs, and C-LTMRs can all fire action 

potentials through the stimulation of a single hair follicle. In contrast, the Aβ Field-

LTMRs, which have significantly larger receptive fields than other LTMR subtypes, can 
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only fire action potentials through summation when multiple hairs are stimulated 

simultaneously (Bai et al., 2015). These unique properties result in a sensory system 

able to accurately localize higher magnitude stimuli through small receptive fields, while 

also detecting stimuli too faint to trigger action potentials through a single LLE. 

The final factor potentially involved in LTMR tiling is an inherent characteristic of 

the LTMR receptive fields themselves. In adult mice, LTMR axons branch and form 

highly stereotyped receptive fields, with some subtypes such as the C-LTMRs forming 

fields innervating on average 15 hair follicles, while on the other extreme the Aβ Field-

LTMRs can innervate over 150 hair follicles (Bai et al., 2015). Work examining the tiling 

of LTMR receptive fields has shown an interesting correlation between the number of 

hair follicles each individual receptive field innervates and the degree of overlap 

between neighboring homotypic receptive fields. Aβ Field-LTMRs, which have the 

largest receptive fields, show the least degree of overlap with homotypic neurons. C-

LTMRs, which have the smallest receptive fields, show the highest degree of overlap 

(Kuehn et al., 2019).  

The ordered development of follicle innervation and interactions between 

neighboring homotypic neurons during receptive field development raises the question 

of whether similar mechanisms regulate the organization of central DRG afferents in the 

spinal cord dorsal horn. The different LTMR subtypes target their axons to specific 

lamina in the dorsal spinal cord, somatotopically arrange their axons, and show a high 

degree of synaptic partner specificity (Abraira et al., 2017; Li et al., 2011; Odagaki et al., 

2018). The cellular and molecular mechanisms that govern central afferent organization 
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remain largely unknown, but recent advancements in imaging and genetic tools may 

open this field to further investigation. 

Age Follicles/mm 
± s.e.m.  
(Fig. 1B-G) 

% Tuj1+  
± s.e.m.  
(Fig. 2A-F) 

% Calbindin+  
± s.e.m.  
(Fig. 3A-F) 

% TH+  
± s.e.m.  
(Fig. 3H-M) 

% TrkB+/Tuj1+ ± 
s.e.m.  
(Supp. Fig. 2A-C) 

P1 10.66 ± 0.25 4.35 ± 1.28 0.05 ± 0.05   3.64 ± 0.59  
P3 9.90 ± 0.68 54.44 ± 1.50 20.16 ± 1.31 52.52 ± 2.03  
P6 11.25 ± 0.85 83.68 ± 6.17 15.44 ± 1.46 92.54 ± 1.26  
P14 8.85 ± 0.55 94.99 ± 0.94 17.07 ± 2.39 94.88 ± 1.07 92.2 ± 3.00 
P21 8.37 ± 0.60 94.33 ± 0.95 19.30 ± 2.95 94.15 ± 1.77  
P60 5.04 ± 0.48 90.69 ± 2.88 10.59 ± 1.83 97.61 ± 1.20  

Table 1: Summary follicle innervation data shown in Figures 1-3. 

Age LLEs per Receptive Field ± 
s.e.m.  

Terminal Branches per 
Receptive Field ± s.e.m. 

P0/1 0.6 ± 0.08 26.2 ± 0.9 
P3 5.7 ± 0.5 26.0 ± 0.9 
P6 13.6 ± 0.8 27.8 ± 0.8 
P14 19.4 ± 0.8 20.8 ± 0.8 

Table 2: Summary Aδ-LTMR receptive field development data shown in Figure 4. 

Cell 
Type 

Marker WT/Het Mean Cell 
Count ± s.e.m. 

KO Mean Cell Count ± 
s.e.m. 

KO normalized to WT/Het 
mean ± s.e.m. 

Neurons Islet 1/2 1318.8 ± 63.6 1573.4 ± 112.6 1.19 ± 0.09 
Aδ-
LTMR 

TrkBCreERT2 216.6 ± 15.7 332.0 ± 3.0 1.53 ± 0.01 

C-LTMR TH 223.9 ± 12.9 300.0 ± 39.7 1.34 ±0.18 
Table 3: Summary of Bax knockout DRG cell count data shown in Figure 5. 
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Methods 
Mouse Husbandry 

Mice (Mus musculus) were housed in standard conditions, cared for by the 

Department of Comparative Medicine at Oregon Health & Science University. All animal 

experimental procedures were approved by OHSU Institutional Animal Care and Use 

Committee (Protocol # IS00000539) and adhered to the NIH Guide for the care and use 

of laboratory animals. Mice were maintained on a 12-hour light/dark cycle and were 

provided food and water ad libitum. For embryonic tamoxifen administration, the 

morning of vaginal plug observation was designated as E0.5. Mice were maintained on 

a mixed genetic background due to experiments being conducted with compound 

transgenic lines. Mice of both sexes were used, and littermates were used as controls.  

Due to the estrogen inhibiting effects of tamoxifen during pregnancy, many 

female mice fail to initiate labor at the proper time resulting in fetal demise. For all 

female animals given tamoxifen during pregnancy, pups were delivered by cesarian 

section at embryonic day 19.5 after mild isoflurane-induced anesthesia and rapid 

cervical dislocation. After removal from the uterus and amniotic sac, pups were dried 

gently with a paper towel and warmed on a heating pad at 37° C. Viable pups breathe 

spontaneously within 1-2 minutes of removal from the amniotic sac and respond to 

gentle tactile stimuli within 2-3 minutes, becoming pink and actively moving within 5-10 

minutes. Viable pups were placed with the litter of a nursing female mouse 

approximately 15 minutes after delivery and an equal number of pups were removed 

from the foster dam’s litter. The day of birth or cross-fostering of animals was 

designated as P0. 
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Mouse Lines 
Mouse lines used in this study have all been previously described (Table 4).  

Table 4 - Mouse Lines Used: 

 

Tamoxifen Administration 
Tamoxifen stock was made by dissolving tamoxifen powder in freshly opened 100% 

ethanol at a concentration of 150 mg/mL and stored at -80° C until needed. For 

tamoxifen administration to pregnant female mice, progesterone and b-estradiol were 

co-administered at a ratio of 1000:500:1, Tamoxifen:progesterone:b-estradiol. 

Administration timing and dosage are given in associated figure legends. For all 

administration methods and times, the Tamoxifen/ethanol stock solution was dissolved 

in sunflower seed oil by vortexing until an emulsion formed. The oil/ethanol mixture was 

then centrifuged in a heated vacuum centrifuge (SpeedVac) for 15 minutes to evaporate 

residual ethanol. Pregnant female mice were administered tamoxifen through oral 

gavage of 100 µL of sunflower seed oil with dissolved tamoxifen-progesterone-b-

estradiol mixture. P12-16 pups were administered tamoxifen through oral gavage of 50 

µL of sunflower seed oil with dissolved tamoxifen. P0-P11 pups were administered 

tamoxifen through IP injection of 10 µL of sunflower seed oil with dissolved tamoxifen.  

Common 
name 

Strain name Reference Jax/MGI Reference 
number 

THCreER B6;129-Thtm1(cre/Esr1)Nat/J (Rotolo et al., 2008) JAX: 008532 
TrkBCreERT2 B6.129S6(Cg)-

Ntrk2tm3.1(cre/ERT2)Ddg/J 
(Rutlin et al., 2014) JAX: 027214 

RetCreERT2 Rettm2(cre/ERT2)Ddg (Luo et al., 2009) MGI: 4437245 
Vglut3iCre Tg(Slc17a8-icre)1Edw/SealJ (Grimes et al., 2011) JAX: 018147 
Bax KO B6.129X1-Baxtm1Sjk/J (Knudson et al., 1995) JAX: 002994 
Ai140D B6.Cg-Igs7tm140.1(tetO-EGFP,CAG-

tTA2)Hze/J 
(Daigle et al., 2018) JAX: 030220 

R26-iAP B6;129-
Gt(ROSA)26Sortm2Nat/J 

(Badea et al., 2003) JAX: 009253 
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Tamoxifen doses and timepoints for each use case can be found in Table 5. 

Table 5 - Tamoxifen Administration Doses and Routes: 

Experiment Labeling 
Density 

Associated 
Figure 

Mouse Line Tamoxifen 
Dose 

Admin. Route Admin. Age 

Aδ-LTMR 
labeling in 
sections 

High Fig. S2 TrkBCreERT2;R26iAP 2 doses of 
2 mg 

P.O. 
(Maternal) 

E12.5, E13.5 

Aδ-LTMR 
fluorescent 
sparse 
labeling 

Low Fig. 4 TrkBCreERT2;Ai140D 0.75 mg P.O. 
(Maternal) 

E13.5 

Aδ-LTMR 
Cell Body 
Labeling 

High Fig. 5 B, 
E, F 

TrkBCreERT2;R26iAP 3 doses of 
0.5 mg 

I.P. P6, P7, P8 

Aδ-LTMR 
RF sparse 
labeling 

Low Fig. 6 A-D  TrkBCreERT2; R26iAP 0.5 mg P.O. 
(Maternal) 

E13.5 

C-LTMR 
RF sparse 
labeling 

Low Fig. 6 E-H THCreER; R26iAP 2 doses of 
2 mg 

P.O.  P14, P15 

 

Tissue dissection and fixation 
See (Pomaville and Wright, 2021) for a detailed description of histology methods. 

Briefly, animals were euthanized in accordance with IACUC approved protocols. 

Animals P6 and older were depilated using a commercial depilatory cream (Nair) and 

were washed with gentle soap and room temperature water. Skin was dissected away 

from the animal and placed onto a filter paper lined silicone-bottomed dish with a cover. 

Large fat deposits were trimmed away from the subcutaneous tissue using small 

scissors and the skin was pinned to the plate, subcutaneous side up, using fine insect 

pins. Skin was fixed 6 hours to overnight at 4° C in 4% paraformaldehyde with gentle 

agitation. After fixation, skin was washed with PBS for 30 minutes at room temperature 

with agitation before progressing to preparation for specific analysis methods. After 

washing the subcutaneous side of the fixed skin was scraped with a razor blade to 

remove remaining subcutaneous fat and muscle. 



 123 

Spinal columns were dissected out and fixed overnight in 4% paraformaldehyde 

at 4° C with agitation. After fixation spinal columns were washed in PBS for 30 minutes 

at room temperature. Spinal columns were incubated overnight in 10% w/v EDTA/10% 

v/v glycerol in PBS to de-calcify the bones for sectioning through the spinal column 

(DRG section immunofluorescence and AP staining). Spinal columns were washed 4-5 

hours in PBS at 4° C to remove EDTA and glycerol before further processing. 

Whole Mount Skin Immunofluorescence 
Fixed skin prepared as above was washed for 8 hours at room temperature in 

0.2% v/v Triton X-100 in PBS with gentle agitation, changing the detergent every hour 

for the first 4 hours, then twice more. Skin was moved to blocking solution (5% v/v 

Normal Donkey Serum, 5% v/v DMSO, 0.25% v/v Triton X-100 in PBS) overnight at 4° 

C with gentle agitation. Skin was incubated in primary antibodies in blocking solution at 

the dilutions listed in Table 4 for 5 days at 4° C with gentle agitation. Skin was washed 2 

hours with 0.2% v/v Triton X-100 in PBS, then 3 hours in PBS changing the PBS every 

hour at room temperature with agitation. Skin was moved to secondary antibodies in 

blocking solution at a 1:500 concentration for 2-3 days at 4° C with gentle agitation. Skin 

was washed 1 hour in 0.2% v/v Triton X-100, then 2-3 hours in PBS at room 

temperature before dehydration in a methanol gradient (30 minutes - 50% MeOH in 

PBS, 2 hours – 80% MeOH in PBS, overnight – 100% MeOH). After dehydration, skin 

was cleared in BABB and imaged. 

Whole Mount Skin Oil Red O Staining and Imaging 
Fixed and washed skin samples were incubated in 60% v/v isopropanol in water 

for 10 minutes at room temperature with agitation. Skin was then stained in 0.3% Oil 

Red O (ORO) in 60% isopropanol at room temperature until dark red staining of 
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sebaceous glands occurred (30 minutes to 3 hours). Skin was then washed twice with 

60% isopropanol for 10 minutes each, then moved to water to store until imaging. 

ORO stained skin was imaged by mounting epidermis side up on a glass slide 

with water and a standard coverslip. A 2 cm2 area of skin was imaged using a 5x 

objective and the number of hair follicles were counted in 10 randomly selected 1 mm2 

fields. The counted field values were averaged together to generate an animal follicle 

density value. 

Whole Mount Skin Alkaline Phosphatase Staining 
Fixed, washed, and scraped skin was heat treated in 1 mM MgCl2 in PBS at 70° 

C for 90 minutes with agitation every 15 minutes. Skin was allowed to cool to room 

temperature, then moved to a tube containing 0.1 M Tris/50 mM MgCl2/0.1 M NaCl in 

water, pH 9.5 with 16.6 µg/mL BCIP and 33.3 µg/mL NBT and 12.5 mM Levamisole for 

the AP reaction. The AP staining was allowed to develop at room temperature with 

agitation until labeled neurons were clearly visible in the skin. Fresh buffer and 

substrate were added after 24 hours if staining wasn’t satisfactory. After staining 

progressed to a satisfactory level, skin was pinned to silicone-bottomed dishes with 

insect pins and dehydrated for 30 minutes in 50% methanol in water, then 2 hours in 

80% methanol in water, then overnight at room temperature in 100% methanol. Skin 

samples were cleared in a 2:1 mixture of Benzyl Benzoate:Benzyl Alcohol (BABB) for 

15 minutes or until optically clear before mounting on a slide in BABB with a standard 

coverslip for imaging.  

Whole Mount Skin Imaging and Receptive Field Quantification 
Receptive fields in cleared AP-stained skin were imaged using a Zeiss AxioZoom 

V.16 Macroscope. The number of LLEs per receptive field were manually counted using 
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the Cell Counter plugin in FIJI/ImageJ. Receptive fields in representative images were 

semi-manually traced using the Simple Neurite Tracer plugin in Fiji/ImageJ (Longair et 

al., 2011). Receptive fields in cleared immunohistochemically labeled skin were imaged 

on a Zeiss AxioImager M.2 microscope with an Apotome.2 structured illumination 

module. The number of LLEs and non-LLE terminal branches were counted manually 

using the Cell Counter plugin in FIJI/ImageJ.  

Skin Section Cryosection Preparation 
A 1 cm x 1 cm square of back skin from the anterior midline was taken from fixed 

mouse skin. The small portion was cryoprotected in a sucrose gradient, 30 minutes in 

10% sucrose in PBS, 2 hours in 15% sucrose in PBS, overnight at 4° C in 20% sucrose 

in PBS. Samples were mounted in OCT media and oriented with the sagittal plane as 

the cutting face. Samples were rapidly frozen in methylbutane chilled on dry ice. 50 µm 

sagittal sections were cut, every fifth section mounted on a slide, and allowed to dry at 

room temperature 2-3 hours before moving to a freezer or processing for 

immunohistochemistry or AP staining as described below. 

Spinal Cord/DRG section preparation 
The T5-T7 segment was dissected from fixed and decalcified spinal columns by 

cutting through the intervertebral disks between T4/5 and T7/8 with a sharp scalpel 

blade. The T5-T7 spinal column segment was cryoprotected with a sucrose/OCT 

gradient, 10% sucrose in PBS for 30 minutes, 15% sucrose in PBS for 1 hour, 20% 

sucrose in PBS for 2 hours, 30% sucrose on PBS for 2 hours, half 30% sucrose/half 

OCT overnight at 4° C with gentle agitation. Samples were mounted in OCT and rapidly 

frozen in methylbutane cooled on dry ice. 20 µm sections were cut and mounted on 

slides, collecting every third section, and allowed to dry for 2 hours at room temperature 
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before freezing or processing for AP staining then immunohistochemistry as described 

below. 

Section Alkaline Phosphatase Staining 
Slide mounted cryosections were washed 3 times for 10 minutes in PBS at room 

temperature, then were incubated for 30 minutes in 1 mM MgCl2 at 70° C. Sections 

were moved to a humidified slide staining chamber and were stained with 0.1 M Tris/50 

mM MgCl2/0.1 M NaCl in water, pH 9.5 with 16.6 µg/mL BCIP and 33.3 µg/mL NBT and 

1.25 mM Levamisole until sufficient staining had developed, 4-48 hours. Once sufficient 

staining had developed sections were incubated for 15 minutes in 1.25 mM levamisole, 

0.25 M EDTA in PBS to stop the AP reaction. Sections were then coverslipped with 

Fluoromount-G or were processed for fluorescence immunohistochemistry. 

Section Immunohistochemistry 
Slide mounted cryosections were washed 3 times for 10 minutes in PBS at room 

temperature, then were incubated for 30 minutes in blocking solution (5% v/v Normal 

Donkey Serum, 5% v/v DMSO, 0.25% v/v Triton X-100 in PBS). Slides were incubated 

in primary antibodies diluted in blocking solution at the concentrations listed in Table 4 

overnight at 4° C in a humidified staining box. Slides were washed 3 times for 10 

minutes each with PBS, then incubated for 4 hours at room temperature in secondary 

antibodies diluted at 1:500 in blocking solution. Slides were washed 3 times for 10 

minutes each in PBS, adding 1:5000 Hoescht to the first wash. Slides were 

coverslipped with Fluoromount-G and imaged. 

Skin Section Image quantification 
Immunohistochemically labeled and AP-stained skin sections were imaged on a 

Zeiss AxioImager M.2 microscope with an Apotome.2 structured illumination module. 
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For each animal, a tiled image field approximately 4500 μm wide was captured on a 

series of 5 nonconsecutive skin sections. The number of hair follicle structures in each 

section was counted using the DAPI channel. The number of hair follicles with a marker-

positive LLE was counted using either the IHC labels described in the text, or AP 

staining. The proportion of innervated follicles and follicle density measurements from 

each section were averaged together to generate an average follicle density and follicle 

innervation proportion value for each animal. 

DRG section Image Quantification 
AP stained and immunohistochemically labeled DRG sections were imaged on a 

Zeiss AxioImager M.2 microscope with an Apotome.2 structured illumination module. 

Cell counting was performed manually using the Cell Counter plugin in FIJI/ImageJ. 

Statistical Analysis 
All statistics were performed in R v4.1.1. Statistical tests, N values, and P-values 

are described in the text/figure legends where relevant. 

Table 6 – Antibodies Used: 

Antibody Supplier Item Number RRID Use 
concentration 

Rb a-Calbindin Swant CB 38 AB_10000340 1:1000 
Rb a-TH Millipore AB152 AB_390204 1:1000 
Sh a-TH Millipore AB1542 AB_90755 1:500 
Ms a-Isl1/2 DSHB 39.4D5 AB_2314683 1:250 
Gt a-TdTomato Biorbyt orb182397 AB_2687917 1:1000 
Ck a-GFP Abcam ab13970 AB_300798 1:1000 
Dk a-Rb IgG 488 ThermoFisher A-21206  1:500 
Dk a-Rb IgG 546 ThermoFisher A10040  1:500 
Dk a-Rb IgG 647 ThermoFisher A-31573  1:500 
Dk a-Ms IgG 647 ThermoFisher A-31571  1:500 
Dk a-Ck IgY 488 Jackson Immuno 

Research 
NC0215979  1:500 

Dk α-Ck IgY Cy3 Millipore Sigma AP194C  1:500 
Dk a-Sh 488 ThermoFisher A-11015  1:500 
Dk a-Gt 546 ThermoFisher A-11056  1:500 
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teneurin transmembrane protein 3 in spinal cord somatotopic 
organization 
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*This chapter contains an incomplete story and is recorded here in the hope of serving 

as a foundation for future projects in the Wright Lab. 
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Chapter Introduction 
While the peripheral receptive fields of the follicle-innervating LTMR neurons 

have been heavily studied and some molecular cues which regulate their development 

have been identified, there is still relatively little known about the cues which regulate 

the development of the central synaptic fields of LTMR neurons. The central projections 

of sensory neurons originating in the DRG form complex synaptic fields, also referred to 

as synaptic glomeruli, with dorsal horn interneurons as well as central projections of 

other sensory neurons. Early work on the central projections of peripheral sensory 

neurons showed organization into laminae within the dorsal horn of the spinal cord, and 

into dermatome-associated regions in the rostral-caudal axis (Arvidsson and Pfaller, 

1990; Rexed, 1952; Rexed, 1954; Takahashi et al., 2003). Experiments using various 

retrograde tracers injected into the skin showed a dorsal-ventral division of the dorsal 

horn laminae by innervating neuron type, with more small diameter sensory neurons 

innervating the superficial laminae (I-III) and medium and large diameter sensory 

neurons innervating deeper laminae (III-V) (Maslany et al., 1992). This work has been 

confirmed and expanded upon in recent years using molecular and genetic tools. The 

central projections of DRG neurons form overlapping layers, with peptidergic 

nociceptors in the most superficial lamina, followed by non-peptidergic nociceptors, C-

LTMRs, Aδ-LTMRs, Aβ-LTMRs, and finally proprioceptors (Abraira et al., 2017; Li et al., 

2011). In addition to the dorsal-ventral lamination and rostral-caudal segmentation of 

the spinal cord, multiple studies demonstrated medial-lateral somatotopic organization 

using injections of retrograde tracers into different regions of the skin. Experiments on 

cats, then in non-human primates, rats, and humans showed that for skin regions within 

any given dermatome the neurons innervating regions further from the rostral-caudal 
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midline formed synaptic fields more medially in the dorsal horn than neurons innervating 

skin regions more proximal to the rostral-caudal midline (Brown et al., 1991; Florence et 

al., 1988; Florence et al., 1989; Florence et al., 1991; Maslany et al., 1992; Nyberg and 

Blomqvist, 1985). Experiments using retrograde tracers labeled with two different 

fluorescent markers showed that adjacent areas of skin form largely non-overlapping 

columns in the dorsal horn which are aligned relative to the location of the injections (Li 

et al., 2011; Odagaki et al., 2018). While markers exist which segment the various 

populations of the dorsal horn laminae dorsal-ventrally, thus far no markers exist which 

would suggest a molecular pathway responsible for medio-lateral somatotopic 

localization (Abraira et al., 2017; Häring et al., 2018).  

Multiple studies demonstrate that an assortment of cell adhesion molecules, 

transcription factors, and growth factor receptors are involved in targeting central 

projections of DRG neurons to the proper locations in the dorsal horn. Knockout of the 

Pou domain, class 4, transcription factor 1 (Pou4f1/Brn3a) showed marked 

misprojection of TrkA-positive and TrkC-positive central projections into the spinal cord 

dorsal horn (Zou et al., 2012). Studies have also identified Ret, Runx1, and Runx3 as 

necessary factors for DRG central projection targeting (Fleming et al., 2015; Honma et 

al., 2010; Inoue et al., 2002; Yoshikawa et al., 2007). Of particular interest to our group 

was the potential role of the transmembrane glycoprotein teneurin transmembrane 

protein 3 (Tenm3) in the mediolateral organization of the spinal cord. Mouse Tenm3 is 

an approximately 300 kDa transmembrane protein with significant homology to the 

Drosophila odd Oz protein, perturbation of which causes the loss of odd number body 

segments in mutant fly embryos (Levine et al., 1994). Tenm3 interacts homotypically in 
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both cis and trans configurations with other members of the teneurin family, functioning 

as both a cell adhesion molecule and an intracellular signaling molecule (Beckmann et 

al., 2013; Depew et al., 2018; Jackson et al., 2018).This homophilic adhesion 

mechanism is essential for topographic patterning in multiple neuronal systems, 

including projecting axons in the hippocampus and targeting of optic nerve axons to 

proper retinoreceptive regions of the brain (Antinucci et al., 2013; Berns et al., 2018; 

Leamey et al., 2007). Tenm3 can also interact both adhesively and repulsively with 

Latrophilin 2 (Lphn2) depending on alternative splicing of both proteins(Boucard et al., 

2014; del Toro et al., 2020). This combination of push and pull interactions is essential 

for construction and refinement of hippocampal networks (Pederick et al., 2021). Based 

on these roles in targeting other projecting axons to precise locations I hypothesized 

that Tenm3 may have a role in the mediolateral targeting of DRG central projections. 

Methods 
Mouse lines 
Mouse lines used in these experiments were maintained in accordance with OHSU 

IACUC guidelines under standard housing conditions. The mouse lines used in this 

study are described in Table 1. 

Table 1: Mouse lines 

 

 

Common 
name 

Strain name Reference Jax/MGI Reference 
number 

Wnt1Cre H2az2Tg(Wnt1-cre)11Rth Tg(Wnt1-
GAL4)11Rth/J 

(Danielian et al., 1998) JAX: 003829 

Tenm3Flox Tenm3em2.1Luo/J (Berns et al., 2018) JAX: 031705 
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Glass needle and paired injection apparatus construction 
Glass needles were pulled from WPI 1B250F-4 capillary tubes using the following 

settings: Temp: Ramp+3, Pull: 0, Vel: 46, Time: 110. Pulled needles were beveled on a 

modified hard drive pipette beveler before use as needed. 

The dual injection apparatus was constructed from a plastic base with 2 beveled 

needles attached using cyanoacrylate glue with 5 mm between the needle tips. Before 

attaching the needles to the plastic base, the non-beveled end of each needle was bent 

using a flame to allow attachment of the pressure injection apparatus 

Subcutaneous CTB Injection 
P4 mouse pups were anesthetized by cooling on ice until nonresponsive before 

injection. Both needles were inserted 4-5 mm into the skin, maintaining as shallow an 

angle as possible to keep the injections in the subcutaneous tissue. A Toohey Pressure 

System IIc Pressure injector with two channels was used to deliver roughly 200 nL (7 

ms, 30 psi) of CTB from each needle. The needles were withdrawn before pups were 

rewarmed and returned to the dam. 

Choleratoxin subunit B conjugated to Alexafluor488 and Alexafluor555 (ThermoFisher 

C34775 and C34776, respectively) were injected, one tracer in each needle. 

Imaging 
At P10 injected mice were euthanized with standard procedures, and the hair removed 

with commercial depilatory cream (Nair). Skin and spinal cords were collected in ice 

cold PBS and acutely dissected, removing excess fat and subcutaneous tissue from 

skin and exposing the dorsal spinal cord. Tissues were imaged on a Zeiss AxioZoom 

without fixation for whole mount preparations. After acute imaging spinal cords were 

trimmed to include only the labeled region ± 1 vertebrae segment and were fixed for 1 
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hour at 4°C in 4% PFA protected from light. Spinal cords were dissected out from the 

spinal column and mounted in 3% low-melt agarose before vibratome sectioning into 50 

μm sections. Sections were mounted on slides and images on a Zeiss AxioIamger.M2 

with Apotome.2 structures illumination module. 

Results 
Tenm3 is expressed in a mediolateral gradient in the dorsal horn during 
development  
I first examined the expression of Tenm3 in the spinal cord. Due to the unavailability of 

a reliable antibody against Tenm3 protein I chose to look at the Allen Mouse Spinal 

Cord and Allen Developing Mouse Brain in situ hybridization atlases. Sections from 

E15.5 mice show high expression of Tenm3 RNA in both the dorsal spinal cord and 

DRG during embryonic development, before the earliest born DRG neurons are 

beginning to project axons into the dorsal horn (Fig. 1A) (Allen Institute for Brain 

Science, 2008a; Thompson et al., 2014). Sections from the spinal cord taken at 

postnatal day 4 show a marked mediolateral gradient of Tenm3 expression in the spinal 

cord dorsal horn and varying Tenm3 expression in the DRG somas (Fig. 1B). 

Interestingly, in situ hybridization for Lphn2 RNA shows an inverse gradient in the dorsal 

horn (Fig. 1C) (Allen Institute for Brain Science, 2008b; Henry and Hohmann, 2012).  
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Paired injection of retrograde tracers into the skin reliably labels somatotopic 
columns in the dorsal horn 

Previous studies have shown subcutaneous injection of retrograde tracers into 

the skin reliably labels the dorsal horn columns in the spinal cord associated with the 

injection site (Li et al., 2011; Odagaki et al., 2018). To assess the potential role of 

Tenm3 in the somatotopic organization of the dorsal horn I needed a way to perform 

two subcutaneous injections on neonatal mice with a known and reproducible distance 

between the injection site centers. I developed an injection apparatus to reproducibly 
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inject cholera toxin B subunit (CTB) tagged with two different fluorescent reporters using 

a pair of beveled glass needles spaced 5 mm apart (Fig. 2A). Small volumes of CTB 

were injected into the skin of lightly anesthetized P4 wild-type mouse pups using the 

needle apparatus and two air-driven injection systems. At 7 days post injection (d.p.i.) 

skin from injected animals was collected, transferred to cold phosphate buffered saline, 

and imaged without fixation. In most animals two labeled patches of skin could be 

clearly visualized (Fig. 2B). The spinal cords from injected animals were also collected, 

transferred to cold phosphate buffered saline with heparin, and the dorsal lamina of the 

spinal column was carefully dissected away exposing the dorsal spinal cord and DRGs. 

Fluorescently labeled somatotopic columns were clearly visible in most animals in a 

spinal cord segment associated with the injected skin dermatome (Fig. 2C). 
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Tenm3 conditional knockout disrupts dorsal horn somatotopic columns 
 To assess the role of Tenm3 in dorsal horn somatotopic patterning I utilized a 

conditional knockout of Tenm3 driven throughout the midbrain and early neural crest 

progenitors by Wnt1Cre. Wnt1 is a secreted signaling protein expressed throughout the 

neural tube and neural crest beginning around E8.5 and continuing throughout 

development (Danielian et al., 1998). I crossed Wnt1Cre mice with mice carrying floxed 

Tenm3 alleles (TenmF/F) to generate Wnt1Cre;Tenm3F/+ and Wnt1Cre;Tenm3F/F offspring 

(Berns et al., 2018). Lightly anesthetized pups of unknown genotype from these crosses 

were injected with fluorescently labeled CTB using the double injection apparatus in 

figure 2. At P10 (6 d.p.i.) skin and spinal cords were collected and acutely imaged. 

Labeled adjacent dorsal horn columns can be seen in the Wnt1Cre;Tenm3F/+ spinal cord 

(Fig. 3A), while in Wnt1Cre;Tenm3F/F animals the dorsal horn columns are disrupted and 

overlapping (Fig. 3B). To further analyze the degree of overlap in the dorsal horn 

columns the labeled spinal cords were lightly fixed with paraformaldehyde and 

sectioned on a vibratome. Imaged sections showed the characteristic “flame-like” 

projections in the dorsal horn formed by the labeled neurons (Fig. 3C). In Tenm3F/F 

animals, the labeled projections show more overlap in the dorsal horn (Fig. 3D). 

Thresholded section images show little overlap between projections in 

Wnt1Cre;Tenm3F/+ and increased overlap between labeled projections in 

Wnt1Cre;Tenm3F/F (Fig. 3C’-D’). 
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Discussion 
The preliminary findings presented in this chapter form a foundation for future 

research into the role of various cell adhesion proteins, including Tenm3 and Lphn2, in 

the somatotopic patterning of the spinal cord dorsal horn. Using paired subcutaneous 

injection of fluorescently tagged retrograde tracer (CTB) Ishowed distinct and 

repeatable labeling of adjacent central projection columns in the dorsal horn of the 

spinal cord (Fig. 2). This injection paradigm can be used on nearly any skin surface of 

the mouse, providing a more flexible alternative to previous injection techniques used to 

assess somatotopy such as injecting adjacent digits or the palmar and dorsal surfaces 

of the paws. Our preliminary findings regarding the effects of Tenm3 knockout in the 

spinal cord and DRG neurons suggest Tenm3 plays an important role in organizing 

DRG central projections into somatotopic columns (Fig. 3). From this Ideveloped a 

preliminary model where Tenm3 expression gradients in both the dorsal horn and DRG 

act together to arrange central projections (Fig. 4). 

Further exploration into the role of cell adhesion molecules such as Tenm3 in 

patterning the central projections of DRG neurons are needed to better understand the 

mechanisms by which the dorsal horn laminates as well as arranges somatotopic 

columns. These preliminary data presented a method for addressing the role of 

potential homophilic adhesion molecules in the establishment of dorsal horn patterning 

using Wnt1Cre to ablate expression in all neural crest-derived neurons. By combining 

this tool with genetic tools targeted to the spinal cord dorsal horn interneurons (Ptf1aCre) 

or DRG neurons (AvilCre) specifically the role of adhesion molecules on both sides of the 

dorsal horn synapse can be evaluated (Hasegawa et al., 2007; Nakhai et al., 2007). 

Furthermore, inducible genetic tools for both Ptf1a and Avil have been generated, 
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allowing analysis of cell-intrinsic mechanisms of central projection targeting (Kopinke et 

al., 2012; Lau et al., 2011). Similar conditional tools can be used to explore the role of 

Lphn2 which is expressed in the spinal cord dorsal horn and DRG in an opposing 

gradient to that of Tenm3 (Anderson et al., 2017). 

Potential Concerns 
 While the preliminary date presented in this chapter shows a potentially 

interesting avenue for future research there are multiple concerns that should be 

addressed. The primary concern is the off-target effects reported in the Wnt1Cre genetic 

driver line used in this study (Danielian et al., 1998). This Cre-line has a high propensity 

to recombine in spermatogonia cells causing germ-line deletion when male mice are 

carriers for the Cre-driver. This recombination occurred in mice maintained after these 

experiments were performed generating Tenm3+/Δ heterozygous animals. These 

animals are healthy and reproduce without issues as heterozygotes. Other issues 

relating to off-target effects and ectopic expression of Wnt1 in the Wnt1Cre mice have 

been reported, including significant expansion of the midbrain even when the line is 

maintained as heterozygous animals. A new Wnt1 genetic driver line (Wnt1Cre2) has 

been generated which reduces these off-target effects through removal of the remaining 

Wnt1 gene elements left in the original transgene (Lewis et al., 2013). 

 A separate potential concern with future experiments based on the model 

presented here is the difficulty encountered fixing and imaging CTB labeled tissue. 

While conducting the preliminary experiments shown here, Ifound the injected CTB to 

be difficult to fix without dispersion of the signal. Extremely light fixation helped maintain 

tissue integrity without complete loss of signal, but the tissue was unable to be 

immunolabeled with any other markers and was unable to be cleared using BABB. This 



 142 

is likely due to the disruption of the membrane and other lipid-heavy structures during 

both tissue permeabilization for immunohistochemistry and solvent-based tissue 

clearing. Fixable retrograde tracers such as fluorescently-tagged amino dextran, which 

contains free amines amenable to formaldehyde fixation, exist and may be an option 

worth pursuing in future experiments. Additionally, the use of fluorescent protein 

cassette via Adeno-associated viruses (AAV), as has been done in other work, may 

provide a more targeted and controllable method to retrogradely label sensory neurons 

in the skin (Kuehn et al., 2019). 
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Chapter 5: Conclusions and Extended Discussion 
Summary of Results 
 While the sensory neurons that innervate the skin have long been a topic of 

interest to neuroscientists there is still very little known about how these neurons 

develop and organize themselves in both the periphery and the central nervous system. 

In this dissertation I explored the development of the follicle-innervating LTMR neurons, 

a family of highly specialized sensory neurons which detect the faintest tactile stimuli in 

our environment and tested the hypothesis that the periphery receptive fields of these 

neurons tile in a homotypically exclusive manner. To this end, I also developed a 

comprehensive set of protocols for immunohistochemical labeling and histological 

staining of glabrous and hairy skin in section and whole mount preparations. Finally, I 

collected preliminary data suggesting the cell adhesion molecule Teneurin 3 (Tenm3) 

may have a role in the organization and targeting of the central projections of skin 

innervating neurons. 

 In chapter 2 of this dissertation, I present a collection of detailed protocols for 

immunofluorescent labeling and histological staining of hairy and glabrous skin in both 

section and whole mount formats. One of the many functions of the skin is to serve as a 

barrier, separating conditions inside the body from those outside the body. As a part of 

this function the skin is highly hydrophobic and contains multiple layers of epithelial cells 

held together with tight junctions (Kirschner and Brandner, 2012; Niessen, 2007). This 

makes immunohistological and immunofluorescent labeling, which rely on even tissue 

penetration by antibodies suspended in an aqueous buffer, challenging. Additionally, in 

non-albino mice the pigmentation density of the skin changes as mice progress through 

the hair follicle cycle, decreasing the amount of light transmission that can be achieved 
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even in tissue cleared using solvent clearing (Müller-Röver et al., 2001). These two 

issues were overcome in whole mount skin preparations through the use of appropriate 

detergents during the permeabilization and antigen blocking phases of tissue 

processing and through careful choice of experimental timepoints to avoid processing 

skin during anagen, when it is most pigmented and thickest. These protocols made the 

detailed analysis of follicle-innervating neurons development and structure in chapter 3 

possible, as well as enabling collaboration projects with groups studying mechanisms of 

neuropathy and neurodevelopmental disorders. 

 Chapter 3 of this dissertation focused on characterizing the development of the 

three subtypes of LLE-forming follicle-innervating LTMR neurons and the role of 

competition for innervation targets in determining receptive field size in these neurons. 

Using a combination of molecular markers for follicle-innervating LTMR populations and 

conditional genetic labeling I demonstrated that follicle-innervating neurons are present 

in the skin at birth, but do not begin to form follicle-innervating LLEs until P3. Based on 

these experiments, I showed that Aβ RA-LTMR neurons complete their innervation of 

hair follicles before Aδ-LTMR and C-LTMR neurons. I also characterized the 

development of individual Aδ-LTMR neurons in whole mount skin preparations, showing 

that these neurons develop their follicle-innervating LLEs gradually, and prune away 

free branches that do not innervate follicles. Finally, I used a model of sensory neuron 

overpopulation driven by knockout of the pro-apoptotic gene Bax to assess the role of 

sensory neuron overpopulation on the receptive field tiling seen in follicle-innervating 

LTMRs. Using sparse genetic labeling approaches to examine isolated receptive fields 

from C-LTMR and Aδ-LTMR neurons I showed that in Bax knockout animals the 
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increase in population results in significant reductions in receptive field size in Aδ-LTMR 

neurons but not C-LTMR neurons. 

 In chapter 4 of this dissertation, I present preliminary work exploring a potential 

molecular mechanism regulating the somatotopic arrangement of central projections of 

DRG sensory neurons. Using paired subcutaneous injection of retrograde neuronal 

tracers, I was able to label adjacent somatotopic columns in a repeatable manner. 

Furthermore, using a neural crest-wide conditional knockout of the gene coding for 

Tenm3, a cell adhesion protein expressed in a gradient in the dorsal horn of the spinal 

cord, I showed that Tenm3 expression may play a role in dorsal horn somatotopic 

arrangement. 

 These findings demonstrate a high degree of patterning and refinement in the 

mouse somatosensory system. The mechanisms that enable this patterning and 

organization remain relatively unclear, but the ongoing development and refinement of 

molecular and genetic tools for exploring the various subtypes of cutaneous neurons will 

create a fertile field for future research. 

Basic Science Implications 
What mechanisms regulate LTMR receptive field tiling? 

Previous studies have shown that follicle-innervating LTMRs form receptive fields 

in the skin with varying degrees of homotypic tiling (Kuehn et al., 2019). Aδ-LTMRs tile 

with near exclusivity, with only 5-10% of hair follicles innervated by more than one 

neuron, while C-LTMRs tile less stringently, with approximately 20% of neurons 

receiving innervation from more than one neuron. The data presented in this 

dissertation show that in one population of LTMR neurons, the Aδ-LTMRs, neurons 

adjust their receptive field size to accommodate an increased number of sensory 
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neurons, while another population, the C-LTMRs, do not appear to adjust their receptive 

fields in response to population changes. This suggests there may be multiple 

mechanisms at play regulating the development of LTMR receptive fields. 

Much of the early work exploring molecular markers for skin innervating neurons 

focused on the neurotrophic growth factors and their canonical receptors. Most DRG 

neurons express at least one neurotrophin receptor during their development, and 

disruption of the expression of growth factors or receptors has been shown to 

significantly alter sensory neuron development (Crowley et al., 1994; Fundin et al., 

1997a; Klein et al., 1993; Klein et al., 1994). Additionally, extensive work has shown 

expression of neurotrophins and their receptors in the hair follicle epithelium at various 

points during follicle development and hair follicle cycling (Botchkarev et al., 1998a; 

Botchkarev et al., 1998b; Botchkarev et al., 2004; Botchkareva et al., 1999; 

Botchkareva et al., 2000). Detailed examination of the Aδ-LTMRs has shown that 

expression of BDNF from the hair follicle epithelial cells is essential for proper formation 

of a hemicircular LLE, with targeted BDNF knockout resulting in a loss of LLE 

polarization and a significant reduction in the number of lanceolate endings formed per 

follicle (Rutlin et al., 2014). This, in conjunction with the tiling phenotype shown in 

chapter 3 of this dissertation, suggests that Aδ-LTMR neurons may use expression of 

BDNF at hair follicles for targeting and that some level of competition for trophic factors 

at hair follicles may control receptive field morphology. While such direct interactions 

have not been shown for the other follicle-innervating LTMR neurons the developing 

hair follicle niche has been shown to express multiple canonical neurotrophins and other 

axon guidance/cell adhesion molecules in highly specific patterns, suggesting an 
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expanded role for these signaling molecules in LTMR receptive field formation (Sennett 

et al., 2015).  

The receptive fields of follicle-innervating LTMR neurons show varying degrees 

of isoneuronal exclusion in addition to the varying degrees of homotypic tiling seen in 

their receptive fields. Aδ-LTMRs very rarely have multiple axon branches that innervate 

a given hair follicle, while in C-LTMRs over 70% of hair follicles are innervated by 

multiple branches from the same neurons (Kuehn et al., 2019). Isoneuronal exclusion in 

Aδ-LTMRs is similar to the isoneuronal tiling seen in class IV DA neurons of Drosophila 

larvae, while the lack of isoneuronal tiling but maintained homotypic tiling in C-LTMRs is 

similar to the patterns seen in class III DA neurons (Grueber et al., 2002; Grueber et al., 

2003). This similarity in patterns suggests a similar mechanism may be at play. It is 

known that mammalian DSCAM is involved in multiple self-recognition and avoidance 

mechanisms in retinal neurons (Garrett et al., 2018; Simmons et al., 2017). It has also 

been shown that Dscam transcripts are present in DRG neurons during embryonic 

development, with low levels of expression into adulthood, suggesting a role in 

isoneuronal tiling in LTMR neurons (Sharma et al., 2020).  

Does activity play a role in LTMR receptive field development and refinement? 
 The findings presented in chapter 3 of this dissertation demonstrate that skin 

innervation in mice is still immature at birth and heavily refines during the first two 

postnatal weeks, coincident with hair follicle cycling and significant growth. This aligns 

with growth and development patterns seen in other mammalian sensory systems, such 

as the retina which matures after the first postnatal week (Bassett and Wallace, 2012; 

Tworig and Feller, 2022). This gradual development of skin innervation during the first 

two postnatal weeks, concurrent with hair follicle development and maturation, suggests 
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the potential for an activity-dependent mechanism for LTMR receptive field refinement. 

Multiple sensory systems require activity during development to organize and refine 

their synaptic connections, including: 1) spontaneous patterned cholinergic and 

glutamatergic waves that refine eye-specific organization of retinal ganglion cells axons 

in retinorecipient areas of the brain prior to eye opening, 2) glabrous skin innervating 

somatosensory neurons which expand and remap their dorsal horn synaptic fields and 

brainstem representations before adulthood, and 3) auditory neurons in the cochlea 

which depend on calcium bursts initiated in hair cells to promote synaptic pruning 

(Burbridge et al., 2014; Ge et al., 2021; Lehnert et al., 2021; Tiriac et al., 2022; Tritsch 

et al., 2010). In LTMR neurons, the terminal Schwann cells or skin movements 

experienced by pups could provide an extrinsic source of stimulation to help drive RF 

refinement and LLE formation. Activity could play an even larger role in the organization 

of DRG central projections, refining a rough somatotopic map established through 

gradients of cell adhesion proteins like Tenm3 and Lphn2. Simultaneous activity 

between central projections of adjacent neurons onto interneurons could serve to 

strengthen these connections, while lack of simultaneous activity could serve as a cue 

for synapse removal, as in a classical Hebbian synapse model (Hebb, 1949). 

The role of glia in follicle innervation 
 While cutaneous neurons have been studied since the beginnings of modern 

neuroscience it has only been very recently that attention has been paid to the glial cells 

which support specialized cutaneous nerve endings, the terminal Schwann cells 

(TSCs). Two to three of these specialized non-myelinating Schwann cells settle near the 

base of each LLE and form projections which sandwich the lanceolate projections of 

LTMR neurons (Kaidoh and Inoué, 2000; Li and Ginty, 2014). These cells were initially 
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thought to function as an insulator and support structure for neighboring lanceolate 

projections, as they leave the side of each neuron projection facing the hair follicle basal 

lamina exposed (Kaidoh and Inoué, 2000; Li and Ginty, 2014; Takahashi-Iwanaga, 

2000). Recent work examining TSCs associated with free nerve endings in the skin has 

shown these cells to have a direct nociceptive function, causing increased pain 

response in mice when TSCs were stimulated optogenetically (Abdo et al., 2019). 

Recent work examining the development and refinement of LLEs has shown further 

roles for TSCs as the source of ligands for Netrin G1 and γ-Protocadherins (Pcdhg) in 

hair follicle innervation (Meltzer et al., 2022a preprint; Meltzer et al., 2022b preprint). 

Netrin G1 is present in follicle-innervating neurons, and its expression of its ligand 

Lrrc4c in TSCs has been shown to be necessary for LLE formation but not targeting 

axons to hair follicles initially (Meltzer et al., 2022b preprint). Similar mechanisms have 

been shown to target microglia to axons of layer V cortical neurons and promote 

neuronal survival (Fujita et al., 2020). Deletion of various γ-Protocadherin isoforms from 

LTMR neurons or from TSCs showed defects in both branching and LLE formation, with 

different isoforms playing specific roles in central synapse formation (Pcdhg3) and 

peripheral axon branching (Pcdgh7), but nor apparent role In LLE formation or 

maintenance (Meltzer et al., 2022a preprint).  

 Given that a single TSC encompasses lanceolate endings from multiple LTMR 

subtypes, it is unlikely that TSCs are responsible for the selective innervation of hair 

follicles by specific LTMR subtypes or for the homotypic tiling of LTMR receptive fields. 

However, given their role in LLE maturation and potential activation of intracellular 
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signaling cascades through a GPI-linked co-receptor TSCs may play a role in blocking 

apoptosis and pruning in LTMR neurons which successfully innervate a hair follicle. 

Translational Implications 
Human hair follicle innervation 
 Despite our growing understanding of mammalian skin innervation through the 

study of mice, our specific knowledge of cutaneous innervation in humans is relatively 

underdeveloped. Like all mammals, human skin is entirely covered with hair follicles, 

though at a much lower density than in common research models like mice. A study 

examining hair follicle innervation in skin specimens from human embryos shows hair 

follicles innervated by LLEs similar to those seen in mice developing between 22 and 35 

weeks of gestation (Payne et al., 1991). Similar examination of skin innervation in 

Rhesus macaque embryos showed sensory neurons present in the skin early in the 

second trimester of gestation, with LLEs present at hair follicles by the late third 

trimester or birth (Bressler and Munger, 1983). This work also showed flattened 

projections adjacent to LLE forming axons, thought to be TSCs, present early in the 

second trimester. These data suggest human hair follicles receive innervation similar to 

that seen in mice and that this innervation develops prenatally, appearing mature at 

birth. Human hair follicles have also been shown to express NGF and NT-3, as well as 

their receptors TrkA and TrkC, though these factors have primarily only been studied 

with regard to their regulation of the hair follicle cycle and hair loss (Adly et al., 2005; 

Adly et al., 2006). However minimal this data may be, these factors suggest that human 

hair follicle innervation may develop through similar mechanisms and processes to 

mouse hair follicle innervation. 
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 Hairy skin innervation in humans has not been studied to the extent that glabrous 

skin innervation has, and thus the sensory neuron types that innervate hairy skin are 

less well defined. One study examining innervation of the inner forearm using single 

fiber recordings identified myelinated, rapidly adapting neurons which formed receptive 

fields innervating at least twenty hair follicles and responded with increased intensity 

when hair follicles were moved against the direction of hair growth (Vallbo et al., 1995). 

While this is far from a comprehensive analysis, it does suggest that human hair follicles 

may be innervated by at least one population of mechanoreceptive neurons similar to 

the follicle-innervating LTMRs in mice. The presence of human sensory neuron 

populations like those seen in mice is further supported by a recent spatial 

transcriptomic study of human DRGs which showed, among other things, that clusters 

of cells with molecular profiles similar to those of mouse Aβ RA-LTMR and Aδ-LTMR 

are clearly identifiable, and that a distinct cluster resembling mouse C-LTMRs was also 

present (Tavares-Ferreira et al., 2022). Because there have been no studies examining 

the patterning and interactions of multiple hair follicle-innervating neurons in humans it 

is impossible to definitively say if they form exclusively tiled receptive fields like their 

counterparts in mice or if the follicle innervating receptive fields that exist are consistent 

across the body. Given the wide variation in tactile acuity across body regions in 

humans it is reasonable to assume that follicle-innervating neurons may have different 

field sizes depending on the body region they innervate. Regions of the skin needing 

more tactile acuity (the face, backs of the hands, etc.) may have smaller follicle-

innervating receptive fields, while regions needing less acuity may have fields which 

innervate many more hair follicles. 
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The role of cutaneous innervation in sensory processing disorders 
 One key role thought to be played by LTMR neurons in hairy skin of humans is 

the encoding of pleasurable touch. While the Aβ-LTMR neurons are commonly thought 

to be primarily involved in discriminative touch, the act of identifying objects and 

surfaces, pleasurable touch, also called affective touch or social touch, is thought to be 

communicated primarily by a population of unmyelinated sensory neurons called the C-

mechanoreceptors in humans. These neurons fire in response to slow, gentle skin 

stroking and increase their response when thermal stimulus approximating human skin 

temperature is applied (Ackerley et al., 2014b; Ackerley et al., 2014c). Analysis of the 

effects of this form of touch using emotional descriptors found a strong positive 

association with terms like “comfort” and “positive affect” (Ackerley et al., 2014a). In 

functional MRI studies of the cortical processing of touch, affective touch was found to 

increase activity in the insular cortex and decrease activity in the sensory cortex 

(Olausson et al., 2002; Olausson et al., 2008). This suggests that C-mechanoreceptor 

activity may be more directly involved in emotional coding of touch than discriminative 

touch. Presently, no study has examined whether hair follicles are innervated by C-

mechanoreceptors in humans, though with the recent identification of molecular 

markers that could identify putative C-LTMR neurons in humans this analysis may soon 

be possible.  

 Human hair follicle innervation may also play a role in how sensory processing 

disorders and conditions like autism spectrum disorder (ASD) effect the perception of 

touch. Many ASD patients report increased sensitivity to tactile stimuli, often including 

hypersensitivity to stimuli normally considered low-threshold (Blakemore et al., 2006; 

Cascio, 2010; Tomchek and Dunn, 2007). Functional MRI studies of subjects with and 
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without ASD showed decreased cortical response to cutaneous stimuli associated with 

affective touch and C-mechanoreceptors in patients with ASD, suggesting a potential 

miswiring of the pathways responsible for this important element of human social 

interactions (Voos et al., 2013). While most research into the biological effects of ASD 

risk genes and known ASD-associated mutations has focused on the cortical effects of 

these mutations, a handful of studies have examined the peripheral sensory effects of 

ASD-associated mutations. Mice lacking the ASD-associated gene methyl-CpG-binding 

protein 2 (Mecp2) in sensory neurons only showed general sensory disfunction caused 

by a loss of pre-synaptic inhibition of these neurons (Orefice et al., 2016). Rats with 

partial loss of Mecp2 had increased nonpeptidergic nociceptor density in their skin, a 

finding that correlates with findings of skin innervation studies of patients with Mecp2 

mutations, suggesting overgrowth of sensory neurons may play a role in sensory 

processing disorders (Bhattacherjee et al., 2017; Symons et al., 2019). 

This idea that the sensory disorders seen in ASD and ASD-like syndromes are 

due, at least in part, to disruptions in peripheral sensory innervation is further supported 

by the effects seen in mice with mutations in phosphatase and tensin homolog (Pten) a 

gene strongly associated with ASD cases. Pten is known to regulate neuronal arbor size 

during development, and disruption of its expression is correlated with behavioral and 

social interaction abnormalities in mice (Kwon et al., 2006). Ongoing work from the 

Wright lab has shown mice heterozygous for Pten have abnormal DRG neuron 

development and differentiation, suggesting abnormal innervation of the skin may also 

be present (Wright Lab, Unpublished Data). Given the high degree of refinement 

present in the normally-functioning somatosensory system, it is reasonable to suspect 



 154 

that gross changes to the proportions of sensory neurons present, the sizes of their 

receptive fields, or physiological changes to the receptors they express could cause 

gross sensory processing changes as well. 

Conclusion 
The high degree of organization and patterning demonstrated in the mouse 

somatosensory system is possibly an inherent part of its function. To properly respond 

to tactile stimuli animals must be able to localize these stimuli on their body. Without 

strict patterning of sensory neuron receptive fields in the skin and a meaningful 

organization of the central projections in the spinal cord and higher nervous system 

structures, communicating localization of sensory stimuli suddenly becomes much more 

complicated. The work presented in this dissertation examines the development of hair 

follicle sensory innervation at a previously unstudied level of detail and presents a new 

potential mechanism for LTMR receptive field patterning and organization. 
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