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Sex-Dependent Reduction in Mechanical Allodynia in the
Sural-Sparing Nerve Injury Model in Mice Lacking Merkel
Cells
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Innocuous touch sensation is mediated by cutaneous low-threshold mechanoreceptors (LTMRs). Af slowly adapting type I
(SAI) neurons constitute one LTMR subtype that forms synapse-like complexes with associated Merkel cells in the basal skin
epidermis. Under healthy conditions, these complexes transduce indentation and pressure stimuli into A SAI LTMR action
potentials that are transmitted to the CNS, thereby contributing to tactile sensation. However, it remains unknown whether
this complex plays a role in the mechanical hypersensitivity caused by peripheral nerve injury. In this study, we characterized
the distribution of Merkel cells and associated afferent neurons across four diverse domains of mouse hind paw skin, includ-
ing a recently described patch of plantar hairy skin. We also showed that in the spared nerve injury (SNI) model of neuro-
pathic pain, Merkel cells are lost from the denervated tibial nerve territory but are relatively preserved in nearby hairy skin
innervated by the spared sural nerve. Using a genetic Merkel cell KO mouse model, we subsequently examined the impor-
tance of intact Merkel cell-Af complexes to SNI-associated mechanical hypersensitivity in skin innervated by the spared neu-
rons. We found that, in the absence of Merkel cells, mechanical allodynia was partially reduced in male mice, but not female
mice, under sural-sparing SNI conditions. Our results suggest that Merkel cell-Af afferent complexes partially contribute to
mechanical allodynia produced by peripheral nerve injury, and that they do so in a sex-dependent manner.
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(s )

Merkel discs or Merkel cell-AS afferent complexes are mechanosensory end organs in mammalian skin. Yet, it remains

unknown whether Merkel cells or their associated sensory neurons play a role in the mechanical hypersensitivity caused by

peripheral nerve injury. We found that male mice genetically lacking Merkel cell-A 3 afferent complexes exhibited a reduction

in mechanical allodynia after nerve injury. Interestingly, this behavioral phenotype was not observed in mutant female mice.
\Our study will facilitate understanding of mechanisms underlying neuropathic pain. j
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Introduction

Under healthy conditions, innocuous tactile sensation and pain-
ful mechanosensation in the skin are mediated by two broad
populations of somatosensory neurons, low-threshold mecha-
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noreceptors (LTMRs) and nociceptors, respectively. However,
following inflammation or nerve injury, spinal somatosensory
circuits exhibit functional changes such that input from LTMRs
is inappropriately perceived as painful, a phenomenon known as
mechanical allodynia. Cutaneous LTMRs fall into subtypes that
vary in their conduction, myelination, adaptation, and anatomic
properties, and in their associations with end organs, such as
Meissner’s corpuscles. Among LTMR subtypes, some studies
have implicated rapidly adapting LTMRs (RA LTMRs) as con-
tributors to mechanical allodynia (Garrison et al., 2012; Xu et al.,
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2015; Dhandapani et al., 2018). However, the full complement of
contributory LTMR subtypes has yet to be defined.

Another population of candidate mediators of allodynia are
the AB slowly adapting Type I (SAI) LTMRs. These heavily my-
elinated mechanosensory neurons, which fire in a sustained fash-
ion during prolonged indentation of their cutaneous receptive
fields, contribute to perceptions of texture, shape, and active
touch (Carvell and Simons, 1990). The mechanosensory function
of A SAI LTMRs is strongly shaped by their functional connec-
tions with Merkel cells, specialized derivatives of keratin 17
(K17)-positive basal epidermal keratinocytes that reside close to
the epidermal basal lamina (Iggo and Muir, 1969; Hartschuh and
Weihe, 1980; Fagan and Cahusac, 2001; Halata et al., 2003;
Hitchcock et al., 2004; Woodbury and Koerber, 2007). Most ana-
tomic studies of rodent Merkel cell distribution have focused on
those located in hairy skin touch domes, vibrissae, and foot pads
(Nurse and Diamond, 1984; Nurse et al., 1984a,b; Mills et al.,
1989; Li et al., 2011; Feng et al., 2018). However, the mouse hind
paw is comprised of multiple distinct structural domains, includ-
ing dorsolateral hairy skin, plantar foot pads, smooth glabrous
skin proximal to the foot pads, and, in some inbred strains such
as C57/BL6, a recently described population of hair follicles in
the interpad plantar region that is not observed in rats (Walcher
et al., 2018). Merkel cell distribution within these distinct
domains has yet to be systematically characterized, either under
healthy conditions or following adult denervation.

Like LTMRs, Merkel cells intrinsically transduce mechanical
stimuli via the Piezo2 channel (Ikeda et al., 2014; Ranade et
al., 2014; Woo et al., 2014). Activation of Merkel cells leads to
subsequent communication with neighboring AB SAI LTMRs
through transmitters that have been reported to include sero-
tonin and norepinephrine (Woo et al., 2015; Chang et al., 2016;
Hoffman et al., 2018). Previous studies have established a strong
basis for the importance of Merkel cells to the normal physiolog-
ical function and molecular phenotype of AB SAI LTMRs. In
skin-nerve preparations, embryonic Merkel cell KO results in an
absence of AB SAI LTMRs or accelerated inactivation of these
fibers during sustained skin stimulation, coupled with reduced
high-frequency firing (Maricich et al., 2009; Maksimovic et al.,
2014). KO or knockdown of Piezo2 in Merkel cells similarly
accelerates A3 SAI LTMR adaptation to sustained stimuli and
reduces static phase firing (Ikeda et al., 2014; Woo et al,, 2014),
while embryonic KO of brain-derived neurotrophic factor in
Merkel cells alters the regularity of A SAI LTMR firing and
changes gene expression in dorsal root ganglion (DRG) neurons
(Reed-Geaghan et al., 2016). Merkel cell absence or functional
compromise has been shown in some studies to alter behavioral
readouts of basal innocuous mechanosensation, vibrational
discrimination, and the suppression of itch (Maricich et al., 2012;
Maksimovic et al., 2014; Woo et al,, 2014; Feng et al,, 2018),
although basal responses to innocuous punctate stimuli were
intact in another recent study (Neubarth et al., 2020). However,
whether Merkel cells and/or AB SAI LTMRs participate in
pathologic pain has been a subject of less focus. In this study,
we therefore sought to examine the necessity of intact Merkel
Cell-AB SAI LTMR function for mechanical allodynia in the
setting of peripheral nerve injury.

Materials and Methods

Mouse strains

TrkC'#omate and Npy2r'#e™a® mice have been previously described (Li et
al, 2011; Bai et al.,, 2015). K14™ (Dassule et al., 2000) mice were kindly
provided by Jeremy Nathans (Johns Hopkins). Atoh ™" (#008681), Ai9
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(#007909), and C57BL/6] (#000664) mice were obtained from The
Jackson Laboratory. Most transgenic lines were maintained on a genetic
background consisting predominantly of C57BL/6, but with contribu-
tions from other strains. Both male and female mice were used for be-
havioral experiments and were analyzed separately. Mice were at least 7-
8 weeks old when the first behavioral testing was performed, which was
then followed by spared nerve injury before subsequent testing over a 1
month time course. Both male and female mice were used for immuno-
histochemistry experiments. These mice were also at least 7-8 weeks old
when spared nerve injury was performed. Age-matched littermates of
the same sex were assigned to experimental groups based on genotype in
KO versus WT comparisons. Age-matched littermates of the same sex
were randomly assigned to experimental groups in injured versus sham
comparisons. Mice used for parallel comparison between naive and
nerve-injured states were all >7 weeks old, but were only strictly
age-matched for the 56 d postinjury experiment. Mice were housed
with 1-5 animals per cage. Mice were handled and housed in accord-
ance with the Johns Hopkins University Institutional Animal Care
and Use Committee guidelines as well as National Institutes of
Health’s Guide for the care and use of laboratory animals.

Injury model

Spared nerve injury (SNI) was performed as previously described
(Bourquin et al.,, 2006). In brief, under deep isoflurane anesthesia, the
sciatic nerve of mice 7-8 weeks old was exposed in the thigh region, and
the tibial and common peroneal nerves were ligated. A small section im-
mediately distal to the ligation was excised. The sural nerve was left
intact by avoiding contact with or stretching the nerve. Finally, muscle
and skin were sutured in two distinct layers with silk 6-0 and 4-0
sutures, respectively. The tibial nerve sparing variant of SNI (SNIt) was
performed the same as above, except that the tibial nerve instead of the
sural nerve was spared.

Behavioral testing

Both male and female mice were used for experiments and were ana-
lyzed separately. Mice were at least 7-8 weeks old when the first behav-
ioral testing was performed. Experiments were performed at baseline
(usually the day before surgery) and at 3, 7, 14, 21, and 28d after SNI
surgery or 3, 7, and 14 d after SNIt surgery. Behavioral assays were con-
ducted with the experimenter blinded to genotype. Animal numbers for
each experiment are indicated in the figures.

Punctate mechanical allodynia. The von Frey assay was used to
assess punctate mechanical allodynia. Mice were placed under ventilated
Plexiglas boxes on a wire mesh platform and habituated for at least 2 h
per day for at least 2 d before the experiment. On the test day, mice were
habituated for at least 30 min before the assay. A series of von Frey fila-
ments (North Coast Medical, NC12775-02 to NC12775-09) were applied
perpendicularly to the glabrous sural (ie., lateral, for SNI model) or
hairy tibial (i.e., between the foot pads, for SNIt model) area of the plan-
tar surface of the hind paw to the point of bending. The nominal bend-
ing forces of the filaments, provided by the manufacturer (0.02, 0.04,
0.07, 0.16, 0.4, 0.6, 1, and 1.4 g) are shown in the figures. Empirical fila-
ment forces measured at manuscript submission, were as follows: 0.014,
0.032, 0.064, 0.15, 0.37, 0.54, 0.98, and 1.25 g. Paw withdrawal or flinch-
ing immediately on filament application was defined as a positive
response. In most cases, for each given force, the filament was applied 5
times to the contralateral (with respect to the injured) hind paw, then
applied 5 times to the ipsilateral hind paw. In some cases, ipsilateral and
contralateral paws were tested on successive days. Intervals between each
application were at least a few seconds to avoid sensitization. The num-
ber of positive responses of 5 total applications was calculated as a given
animal’s response percentage, and this number was used for analysis.

Dynamic mechanical allodynia. A brush assay (Cheng et al.,, 2017)
was used to assess dynamic mechanical allodynia. It was generally per-
formed at least 30 min after the von Frey assay was completed, on the
same platform. A paint brush (Winsor & Newton Cotman 111 round 0)
was stroked very gently and slowly along either the sural nerve-inner-
vated plantar or sural nerve-innervated hairy skin (SNI), or the tibial
nerve-innervated plantar skin (SNIt) of the hind paw in the distal to
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proximal direction. The stimulus was applied at an angle to avoid punc-
tate stimulation. Each response was assigned a score ranging from 0 to 3
as follows: 0, no response; 1, brief paw withdrawal; 2, sustained paw
withdrawal; 3, sustained paw withdrawal with continued licking and
flinching. Only the ipsilateral hind paw was tested. Interstimulus interval
was 10 min. A total of four stimuli were applied, and the average score
was used for analysis.

Thermal hyperalgesia. The Hargreaves assay was used to assess ther-
mal hyperalgesia. Mice were placed under Plexiglas boxes on a glass plat-
form and habituated for at least 2 h per day for at least 2 d before the
actual experiment. On the test day, mice were habituated for at least
30 min before the assay. A radiant heat stimulus was focused on the sural
(SNI) or tibial (SNIt) area of the plantar surface of the hind paw, and the
withdrawal latency was recorded. The intensity of the heat source (IITC
Life Science, model 336) was adjusted such that the baseline latency
before injury was ~10 s across the population. The cutoff time was set at
15 s to prevent tissue damage. Interstimulus interval was 10 min. Heat
stimuli were applied to each hind paw 3 times, and the average for each
paw was used for analysis.

Immunohistochemistry

Male and female mice were anesthetized with intraperitoneal injection
of 20% urethane and perfused with ~5 ml phosphate-buffered saline
(PBS), then with 50 ml cold 4% paraformaldehyde in PBS. L3-L5 spinal
cord and L3-L5 DRGs were harvested. Hind paw skin was depilated
(Nair hair remover) and harvested. For transverse tissue section prepara-
tion, tissues were postfixed in 4% PFA at 4°C overnight. Tissues were
cryoprotected in 30% sucrose in PB at 4°C overnight, embedded in opti-
mal cutting temperature medium (Tissue-Tek), and stored at —80°C.
Tissues were cryostat sectioned at 10 pim for DRGs, 16 um for hind paw
skin, and 30 pm for spinal cord. DRGs and skin sections were thaw-
mounted onto glass slides, stored at —80°C, and incubated at 30°C-37°C
for 20 min immediately before staining. Spinal cord sections were stored
at 4°C until staining. Slides and tissue sections were washed with 0.1%
Triton X-100 in PBS (PBST.1) 3 x 10min. Slides or floating sections
were then blocked with 0.3% Triton X-100 in PBS containing 10% nor-
mal donkey serum or normal goat serum for 1 h at room temperature.
Tissues were incubated overnight with primary antibodies rat anti-K8
(University of Iowa/DSHB, 1:100, #Troma-1), rabbit anti-K17 (from
Pierre Coulombe University of Michigan, 1:1000), chicken anti-NF200
(Aves Labs, 1:200, #NFH), goat anti-mCherry (Sicgen, 1:500, #AB0040-
500), rabbit anti-CGRP (ImmnuoStar, 1:1000, #24112), rabbit anti-S100
(Dako, 1:200, #Z0311), Biotin-IB4 (Sigma Millipore, 1:100, #L2140), and
chicken anti-NeuN (Aves Labs, 1:200, #NUN), at room temperature in a
humidity chamber. The following day, tissues were washed with PBST.1
3 x 10 min and then incubated for 1-2 h at room temperature in a humidity
chamber with secondary antibodies; donkey anti-goat Cy3 (Jackson
ImmunoResearch Laboratories, 1:500, #705-166-147), goat anti-chicken 546
(Thermo Fisher Scientific, #A11040), donkey anti-rabbit 647 (Jackson
ImmunoResearch Laboratories, #711-605-152), goat anti-rat 488 (Jackson
ImmunoResearch Laboratories, #112-545-003), donkey anti-chicken 488
(Jackson ImmunoResearch Laboratories, #703-545-155), donkey anti-rat
488 (Jackson ImmunoResearch Laboratories, #712-545-153), goat anti-
chicken 488 (Thermo Fisher Scientific, #A11039), goat anti-rat Cy3
(Jackson ImmunoResearch Laboratories, #112-165-167), donkey anti-
chicken Cy3 (Jackson ImmunoResearch Laboratories, #703-165-155), don-
key anti-goat (R&D Systems, #NL001), donkey anti-guinea pig 488
(Thermo Fisher Scientific, #21831), and streptavidin-Dylight 405 (Thermo
Fisher Scientific, #21831). Tissues were then washed with PBS 3 x 10 min.
Floating spinal cord sections were rinsed in water or 0.1 M PB, mounted on
slides, and allowed to air dry. Sections were coverslipped using fluoro-
mount-G (Electron Microscopy Sciences, #17984-25) or Dako fluorescence
mounting medium (Dako, #53023).

For whole-mount hind paw skin staining, fat and connective tissue
were thoroughly removed to facilitate antibody penetration. Tissues
were postfixed in 4% PFA at 4°C overnight and then briefly washed with
PBS to remove excess PFA. Tissues were washed with 1% Triton X-100
in PBS (PBST.hi) 10 x 30 min for a total of 5 h. Tissues were then incu-
bated with primary antibodies diluted in blocking solution (75% PBST.
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hi, 20% DMSO, 5% normal donkey/goat serum) for 3 d at room temper-
ature. Tissues were washed with PBST.hi 10 x 30 min and then incu-
bated with secondary antibodies diluted in blocking solution for 2d at
room temperature. Tissues were then again washed with PBST.hi 10 -
% 30 min and dehydrated in serial dilutions of MeOH (50%, 80%, 100%
MeOH for 5min each, and an additional 100% MeOH for 20 min).
Finally, tissues were cleared in BABB (1 volume benzyl alcohol to
2 volumes benzyl benzoate) for 30 min and mounted onto slides with
BABB. All incubations were done on a rotating or rocking platform.

Image analysis

Images were acquired using a confocal microscope (Nikon A1) and ana-
lyzed blinded to genotype using NIS elements (Nikon) or Image]
(National Institutes of Health). For hind paw skin whole-mount stain-
ing, z-stack images (~100-150 um in total depth) were acquired across
the thickness of the skin tissue. The number of Merkel cells, number of
hair follicles, number of hair follicles associated with Merkel cells, num-
ber of Merkel cell clusters with closely associated nerve terminals, or
number of morphologically distinguishable nerve terminal structures
was counted from maximal intensity projections of the z stack, some-
times augmented by scrolling through the z stacks, within the skin
region targeted in a given experiment. Total branch lengths of individual
nerve terminal complexes were measured from maximal intensity pro-
jections of z stacks. Values for all parameters were expressed either as
numbers within a given skin territory, numbers per unit skin area, per-
cent of a given structure with the indicated characteristics, or total
branch length per terminal complex, with each symbol shown in figures
derived from an individual mouse. For DRGs, neuronal cell type-specific
markers were counted either with or without a pan-neuronal marker
(NeuN) as a control for total number of neurons; ~600 neurons per
mouse, derived from multiple sections were counted for each data point.

Experimental design and statistical analysis

For immunostaining, when comparing only two groups, two-tailed
Student’s t test was used for analysis. When comparing only the ipsilat-
eral hind paw across multiple time points, one-way ANOVA was used.
When comparing ipsilateral versus contralateral hind paw across multi-
ple time points, two-way ANOVA was used. For von Frey behavioral
measurements, repeated-measures two-way ANOVA was used to ana-
lyze the effects of genotype and/or force at a given time point, or to ana-
lyze the effects of genotype and/or time at a given force. For brush and
Hargreaves assays, repeated-measures two-way ANOVA was used to an-
alyze the effects of genotype and/or time. ANOVA tests were followed
by post hoc Bonferroni multiple comparisons correction for either multi-
ple times or multiple forces, but not both, in a given comparison. In
repeated-measures ANOVAs, potential differences related to sphericity
were corrected for using the Geisser and Greenhouse method. All data
were presented as mean = SEM, and the criterion for statistical signifi-
cance was p value < 0.05. The exact statistical test used for each experi-
ment and its details can be found in the figure legends and Table 1.
Unless otherwise noted, the “#” used for analysis was the number of
mice. In the case of ANOVA analyses, p values for the overall compari-
sons between genotypes are listed on the graphs, and p values at individ-
ual forces or time points derived from the Bonferroni corrections are
indicated by asterisks, as defined in the figure legends. All analyses were
performed using GraphPad Prism 8.

Results

Merkel cell distribution in the mouse hind paw

Most anatomic characterization of rodent Merkel cells has been
focused on hairy skin and foot pads. However, mouse hind paw
skin consists of at least four distinguishable domains (Fig. 1A).
To visualize the anatomic distribution of Merkel cells across
these domains, we performed whole-mount immunostaining of
adult male C57BL/6] mouse plantar hind paw skin (excluding
the digits) and neighboring hairy skin, with anti-keratin 8 (K8,
Troma-1), followed by tissue clearing (Fig. 1A). Skin was costained
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Table 1. Statistical analysis and the number of animals/samples used in the experiments
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Figure Pre hoc Post hoc N (number of samples/animals per group)
2F (1) One-way ANOVA: Bonferroni multiple comparisons test: Baseline: 5
Fi3,14=11.99, p = 0.0004*** Baseline vs 7 d: p=10.2581 7d:5
(2) Two-way ANOVA: Baseline vs 28 d: p = 0.0007*** 28d:5
Time x Contra/lpsi: Fp 10 = 2.061, p=0.1781 Baseline vs 56 d: p =0.0008*** 56 d:3
Time: F5,19)=9.103, p=0.0056** Bonferroni multiple comparisons test:
Contra/lpsi: F(1,19) = 37.02, p = 0.0001*** 7 d, Contra vs Ipsi: p =0.1509
28 d, Contra vs Ipsi: p=0.0017**
56 d, Contra vs Ipsi: p=0.0188*
26 (1) One-way ANOVA: Bonferroni multiple comparisons test: Baseline: 4
Fi11)="5.342, p=0.0163* Baseline vs 7 d: p > 0.9999 7d:4
(2) Two-way ANOVA: Baseline vs 28 d: p > 0.9999 28d:3
Time x Contra/Ipsi: F(p )= 2.576, p=0.1369 Baseline vs 56 d: p=0.0110% 56 d: 4
Time: Fpg) =4.606, p = 0.0467*
Contra/lpsi: 1,6 = 3.755, p=0.0887
2L (1) One-way ANOVA: Bonferroni multiple comparisons test: Baseline: 4
Fa11y=11.32, p=0.0011** Baseline vs 7 d: p=0.7900 7d:4
(2) Two-way ANOVA: Baseline vs 28 d: p = 0.3887 28d:3
Time x Contra/lpsi: F,,g = 2.696, p=0.1273 Baseline vs 56 d: p = 0.0045** 56.d: 4
Time: F(Z,S) =19.27, p= 0.0009%**
Contra/lpsi: ;.= 0.5483, p=0.4802
M (1) One-way ANOVA: Baseline: 4
Fa1n) = 1.245, p = 0.3403 7d:4
(2) Two-way ANOVA: 28d:3
Time x Contra/Ipsi: F(p = 1.339, p=0.3150 56 d: 4
Time: Fp,5) = 0.1046, p = 0.9019
Contra/lpsi: F(; gy = 0.5796, p = 0.4683
34 Two-way ANOVA: Bonferroni multiple comparisons test: 5 for each group
Sex x Contra/lpsi: F(; 5 = 1.076, p = 0.3299 Male, Contra vs Ipsi: p = 0.0005***
Sex: Fiy.8=3.669, p=0.0918 Female, Contra vs Ipsi: p = 0.0025**
Contra/lpsi: F1,g = 62.42, p < 0.0001****
3B Two-way ANOVA: Bonferroni multiple comparisons test: 5 for each group
Sex x Contra/lpsi: F(1 5 = 0.5934, p = 0.4632 Male, Contra vs Ipsi: p = 0.0606
Sex: Fy.8 = 0.4058, p = 0.5419 Female, Contra vs Ipsi: p = 0.3250
Contra/lpsi: F; 5= 8.679, p=0.0185*
3C Two-way ANOVA: 5 for each group
Sex x Contra/lpsi: Fy g = 0.5263, p = 0.4888
Sex: F(]yg) =1.269, p= 0.2926
Contra/lpsi: f(; = 0.6922, p=0.4296
3D Two-way ANOVA: Bonferroni multiple comparisons test: 5 for each group
Sex X Injury: Fq 16)=3.458, p=0.0814 Male, naive vs 56 d: p << 0.0007****
Sex: Fy.16) = 4.536, p = 0.0491* Female, naive vs 56 d: p = 0.0029**
Injury: Fiy 16 = 60.00, p << 0.0007%*** naive, Male vs Female: p = 0.0492*
56 d, Male vs Female: p > 0.9999
3F Two-way ANOVA: 5 for each group
Sex x Injury: F3 16)=0.4679, p=0.5038
Sex: Fr,1 = 1.147, p = 0.3000
Injury: F1,16 = 3.310, p = 0.0876
3F Two-way ANOVA: 5 for each group
Sex x Injury: F3 16)=0.1846, p = 0.6732
Sex: Fr,16) = 0.06028, p = 0.8092
Injury: F;,16) = 0.04463, p = 0.8354
4 Unpaired two-tailed t test: K149+ Atoh 1. ek tdtomate. g
tne = 09198, p=03713 K149 Atoh 1" Trkcdomate. g
4 Unpaired two-tailed t test: K145 F - Atoh 1" Trkctomate. g
tg) =0.4229, p=0.6780 K14 ;Atoh1 "™ Tricomate. g
SE Unpaired two-tailed ¢ test: K14 Atoh1 M qrk tdtomat. ¢
NF200: t10) = 0.8918, p = 0.3934 K147 Atoh 17Tk ctetomato.
CGRP: tg) = 0.07865, p=0.9389
1B4: t(40)=0.03361, p=0.9738
5F Unpaired two-tailed ¢ test: K149+ Atoh 1" Trtdomate: 6
tio) = 0.6823, p=0.5105 K14 ;Atoh1 "™ Triomato. ¢
56 Unpaired two-tailed t test: K147+ Atoh 1™ Npy2Rromate. g

iy = 07881, p = 0.4460

K1 4Cre-;At0h1 ﬂ/ﬂ;N pyledmmmo: 6
(Table continues.)
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Table 1 Continued
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Figure Pre hoc Post hoc N (number of samples/animals per group)
6A Two-way ANOVA: Bonferroni multiple comparisons test: K147 " Atoh1™": 11
Force x Genotype: g 114 = 2.065, p = 0.0627 K14<+Atoh 1™ vs K149 ;Atoh1"" K14*Atoh1”™: 10
Force: Fis 101,58.92) = 61.53, p < 0.0001%%% 0.02 : p=0.8405
Genotype: Fy19 = 15.20, p = 0.0010*** 0.04 g: p=10.0088**
0.07 g: p=0.1322
0.16 g: p = 0.0409*
0.4 g: p=0.1005
0.6 g: p=0.1503
19:p=0.1689
6B Two-way ANOVA: Bonferroni multiple comparisons test: K14%¢*:Atoh1™": 11
Force x Genotype: Fg,114 = 1.536, p = 0.1726 K14 :Atoh 1™ vs K147 Atoh1™" K14%%;Atoh1™™: 10
Force: £ 339,44.44) = 18.85, p < 0.0007%*** 0.02 g: p=0.1577
Genotype: Fy 19 = 8.225, p = 0.0098** 0.04 g: p=10.1566
0.07 g: p=0.0803
0.16 g: p=10.1203
0.4 g: p=0.3648
0.6 g:p=03138
19:p=06102
6C Two-way ANOVA: Bonferroni multiple comparisons test: K147 " Atoh1™": 11
Time x Genotype: Fs o5 = 2.753, p = 0.0229* K149+ Atoh 1™ vs K149 ;Atoh1™" K14*Atoh1”™: 10
Time: Fissa4,67.33) = 14.26, p < 0.0001%%%* 0d: p=0.7205
Genotype: Fy 19 = 12.50, p = 0.0022** 3d: p=0.0121%
7d:p=01798
14 d: p=0.0064**
21d: p=0.4730
28 d: p=0.1351
6D Two-way ANOVA: K14 Atoh1™™: 11
Force x Genotype: Fig 130 = 3.545, p = 0.0029** K14%¢Atoh1™™: 11
Force: F3.175,63.50 = 118.4, p < 0.0007****
Genotype: Fy,50) = 2.407, p=0.1365
6F Two-way ANOVA: K147+ Atoh1™": 11
Force x Genotype: F120 = 4.346, p = 0.0005*** K14 Atoh1™™: 11
Force: 1,998 39.96) = 29.07, p < 0.0007****
Genotype: Fy 50 =4.197, p=0.0538
6F Two-way ANOVA: Bonferroni multiple comparisons test: K149+ Atoh1™": 11
Time x Genotype: (s 100 = 1.933, p = 0.0954 K149 ;Atoh1™" vs K147;Atoh1™" K149 Atoh1™": 11
Time: Figg 7735 = 19.22, p < 0.0001%%** 0d: p=06235
Genotype: Fiq 50 = 9.820, p = 0.0052** 3d: p=0.0582
7d: p=0.2048
14 d: p=0.1786
21 d: p=10.0666
28 d: p=10.0845
6G Two-way ANOVA: k147" Atoh1™": 12
Force x Genotype: 7,154 = 0.9838, p = 0.4452 K14¢Atoh1”™: 12
Force: F(3754,82.58 = 97.02, p << 0.0007****
Genotype: Fy 55 = 0.7751, p=0.3882
6H Two-way ANOVA: Bonferroni multiple comparisons test: K149+ Atoh1™™: 12
Force x Genotype: 7,154 = 6.136, p << 0.0001%%** K147+ Atoh 1™ vs K149 ;Atoh1 "1 K14%:Atoh1™™ 12
Force: F1.56934.53) = 33.85, p << 0.0001**** 0.02 g: p =0.0500*
Genotype: Fy,55) = 6.292, p = 0.0200% 0.04 g: p=10.2286
0.07 g: p=10.9357
0.16 g: p > 0.9999
6! Two-way ANOVA: Bonferroni multiple comparisons test: K149+ Atoh1™™: 12

Time X Genotype: F(s 119y = 1.413, p=0.2252
Time: F3.026,66.58) = 70.38, p << 0.0001****
Genotype: Fiy 559 = 11.02, p=0.0031**

K14%¢™:Atoh 1™ vs K147%;Atoh1™"
0 d: p=0.3000

3 d: p=0.0507

7d:p=0.1668

14 d: p=0.0867

21 d: p=0.0175*

28 d: p=0.0375*

K14%¢-Atoh1™™: 12

(Table continues.)
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6/ Two-way ANOVA: Bonferroni multiple comparisons test: K147+ Atoh1™: 10
Force x Genotype: Fg.114 = 3.021, p = 0.0089** K14<+Atoh 1™ vs K149 ;Atoh1"" K14 Atoh1™™: 11
Force: Fi4.031,76.50) = 72.52, p < 0.0007%*** 0.02 g: p > 0.9999
Genotype: F(y, 19 = 6.657, p=0.0183* 0.04 g: p > 0.9999
0.07 g: p=10.1098
0.16 g: p=10.1903
0.4 g: p=0.1224
0.6 ¢: p > 0.9999
1g:p>0.9999
6K Two-way ANOVA: Bonferroni multiple comparisons test: K14%¢*:Atoh1™: 10
Force x Genotype: Fs,114 = 4.483, p = 0.0004*** K14 :Atoh 1™ vs K147 Atoh1™" K149 Atoh1™": 11
Force: F3.72951.8 = 17.51, p < 0.0007%*** 0.02 g: p=0.1144
Genotype: Fy 19 = 4.508, p = 0.0471* 0.04 g: p=0.1314
0.07 g: p=0.2376
0.16 g: p > 0.9999
0.4 g: p>0.9999
0.6 g: p > 0.9999
19:p>0.9999
6L Two-way ANOVA: Bonferroni multiple comparisons test: K147+ Atoh 1™ 10
Time x Genotype: Fs o5 = 2.362, p = 0.0456* K149+ Atoh 1™ vs K149 ;Atoh1™" K14 Atoh1™™: 11
Time: Fs763.71.50 = 32.01, p < 0.0001%%%* 0.d: p>0.9999
Genotype: Fy 19 = 5.763, p = 0.0268* 3d: p=0.3300
7 d: p=0.0981
14 d: p > 0.9999
21 d: p=0.3422
28 d: p=10.0981
7A Two-way ANOVA: Bonferroni multiple comparisons test K14 Atoh1™™: 11
Time % Genotype: Fs o5) = 3.920, p = 0.0028** K149 :Atoh 1™ vs K147 ;Atoh1™" K14%¢:Atoh1™™: 10
Time: Foom 55,88 = 26.15, p << 0.0001%%%* 0 d: p > 09999
Genotype: Fy19 = 12.17, p=0.0025** 3d:p=0.1218
7 d: p=0.0531
14 d: p=0.0300*
21d: p=0.0182*
28 d: p=10.0036"*
78 Two-way ANOVA: Bonferroni multiple comparisons test K149+ Atoh1™": 11
Time x Genotype: (s os) = 2.145, p = 0.0667 K149 ;Atoh1™" vs K147;Atoh1™" K14%%;Atoh1™": 10
Time: Fis53561.47) = 24.76, p < 0.0001%%** 0d: p=0.2213
Genotype: Fiy,19 = 10.94, p = 0.0037** 3d: p=0.3591
7d: p=0.2636
14 d: p=0.0280*
21 d: p=0.0376*
28 d: p = 0.0097*
7C Two-way ANOVA: Bonferroni multiple comparisons test K14%¢*:Atoh1™": 11
Time x Genotype: s 100 = 1.356, p = 0.2473 K14<+Atoh 1™ vs K149 ;Atoh1™" K14 Atoh1™™: 11
Time: Fi3 301,66.02) = 12.18, p << 0.0007**** 0d: p>0.9999
Genotype: Fy 50 = 5.713, p=0.0268* 3d:p=0.3348
7d: p=0.2794
14 d: p = 0.4035
21 d: p=0.2362
28 d: p=0.1361
7D Two-way ANOVA: Bonferroni multiple comparisons test K14 Atoh1™™: 11
Time % Genotype: Fis o0 = 1.418, p=0.2243 K14%¢*:Atoh 1™ vs K149°;Atoh1™" K14%¢-Atoh1™™: 11
Time: Fis.165,63.30 = 14.29, p << 0.0001%%%* 0 d: p=09190
Genotype: F; 5 = 6.443, p = 0.0196* 3d:p=0.1816
7 d: p=0.4996
14 d: p=0.3343
21 d: p=10.2900
28 d: p=0.0949
7E Two-way ANOVA: K149+ Atoh1™™: 12

Time X Genotype: F(s 110y = 0.04195, p = 0.9990
Time: Fip.65858.48) = 104.9, p << 0.0001%%**
Genotype: Fq 55 = 1.553, p=0.2258

K14%:Atoh1™™ 12
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7F Two-way ANOVA: K147+ Atoh1™": 12
Time x Genotype: s 110 = 2.042, p = 0.0783 K14¢Atoh1"™ 12
Time: Fip.28150.18) = 128.6, p < 0.0001***
Genotype: Fy 55 = 1.528, p=0.2295

76 Two-way ANOVA: K149+ Atoh1™™: 10
Time x Genotype: Fs o5 = 0.4997, p = 0.7758 K14%Atoh1"™: 11
Time: Fp7g1 50.80 = 12.16, p << 0.0001%%**
Genotype: Fy,19) = 0.8300, p = 0.3737

84 Two-way ANOVA: K14 Atoh1™™: 11
Time % Genotype: Fis o5 = 0.6338, p = 0.6744 K14%¢:Aton1™™: 10
Time: Fiag15,76.29) = 33.68, p << 0.0001%***
Genotype: Fq,19) = 4.186, p = 0.0549

88 Two-way ANOVA: K147+ Atoh1™": 11
Time x Genotype: s 100 = 0.3192, p = 0.9004 K14 Atoh1™™: 11
Time: Fipo7g,50.56) = 16.05, p << 0.0001%%**
Genotype: F(y50) = 0.0004648, p = 0.9830

8C Two-way ANOVA: K14 Atoh 1™ 12
Time x Genotype: (s 119 = 0.7899, p=0.5591 K149 Atoh1™": 12
Time: Fip.a37.53.62 = 49.50, p << 0.0001%%**
Genotype: Fy 55 = 1.582, p=0.2217

8D Two-way ANOVA: K14 Atoh1™": 6
Time % Genotype: Fs 5= 0.8915, p = 0.4932 K14%Atoh1™"- 7
Time: F 25 36.14) = 3045, p << 0.0001%%**
Genotype: Fy,17)=0.01074, p=0.9193

8F Two-way ANOVA: K147 *Atoh1™": 11
Time x Genotype: Fs.o5) = 1.194, p = 0.3180 K14*Atoh1”™: 10
Time: Fig00,79.65) = 3344, p << 0.0001%%**
Genotype: Fy 19 = 0.4214, p=0.5240

8F Two-way ANOVA: K14 Atoh1™™: 11
Time x Genotype: Fs 100 = 0.1887, p = 0.9663 K14%;Aton1™™: 11
Time: Fip.aa0,48.79) = 39.10, p << 0.0001%%**
Genotype: Fq,50) = 0.2250, p = 0.6404

94 Two-way ANOVA: K14 :Atoh1™": 6
Force x Genotype: Fig 65 = 1.764, p=0.1203 K14%Atoh1™™- 7
Force: F(z_gugg_g;) =440, p< 0.0007****
Genotype: Fy,17)=0.6411, p = 0.4402

98 Two-way ANOVA: K147+ Atoh1™": 6
Force x Genotype: Fig 65 = 1.139, p = 03500 K14¢Atoh1"™: 7
Force: F(z_157‘23'73) =8377, p= 0.0014**
Genotype: Fy17)=1.735, p=0.2146

9C Two-way ANOVA: K14%*Atoh1 ™" 6
Time x Genotype: Fs 55 = 0.9771, p = 0.4400 K14%Atoh1"™: 7
Time: Fis 1003410 = 24.59, p << 0.0001%%**
Genotype: Fq,17)=2.050, p = 0.1800

9 Two-way ANOVA: K14 Atoh1™™: 11
Force x Genotype: Fig114)=0.06977, p = 0.9986 K14%¢:Atoh1™™: 10
Force: F3.511,42.01) = 228.6, p < 0.0001****
Genotype: Fy,19 = 0.03175, p = 0.8605

9F Two-way ANOVA: K147+ Atoh1™": 11
Force x Genotype: Fg 114 = 1.302, p = 0.2620 K14*Atoh1”™ 10
Force: F(; 600,49.40) = 7.845, p = 0.0004***
Genotype: Fy,19=2.232, p=10.1516

9F Two-way ANOVA: K14 Atoh1™™: 11
Time x Genotype: Fs os) = 1.758, p=0.1290 K14%%;Atoh1™": 10
Time: Fs.s50.67.63) = 86.98, p << 0.0001%%**
Genotype: Fiy19)=0.1283, p=0.7241

96 Two-way ANOVA: K149+ Atoh1™: 11
Force x Genotype: F7 149 = 0.5813, p=0.7703 K14%¢:Atoh1™™: 11
Force: £ 897,57.84) = 109.0, p << 0.0007****
Genotype: Fq 50 = 2.169, p = 0.1564

9H Two-way ANOVA: K147*Atoh1™": 11

Force x Genotype: F(7 149 = 0.9212, p = 0.4921
Force: F1.36827.37) = 24.42, p < 0.0007****
Genotype: Fy 50 = 0.03053, p = 0.8630

K14%:Atoh1™™: 11

(Table continues.)
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9/ Two-way ANOVA:
Time X Genotype: Fs 109 = 0.7355, p = 0.5985
Time: Fi3.709.74.18) = 57.08, p << 0.0001****
Genotype: Fq 50 = 1.492, p=0.2361

9J Two-way ANOVA:
Force x Genotype: Fg 126 = 0.8046, p = 0.5682
Force: F3.100,65.11) = 125.1, p < 0.0007****
Genotype: Fy 57y = 0.5743, p=0.4570

9K Two-way ANOVA:
Force x Genotype: Fg 126 = 0.3352, p =0.9172
Force: F3.551,52.03 = 16.98, p << 0.0007****
Genotype: Fy,7)=0.1460, p = 0.7063

9L Two-way ANOVA:
Time X Genotype: Fs 105 = 0.5384, p = 0.7468
Time: F(4_229’33_30) =477, p < 0.0007****
Genotype: Fy 51y = 0.0004945, p = 0.9825

10A Two-way ANOVA:
Time X Genotype: Fs 55 = 0.9608, p = 0.4499
Time: F3.747 3022 = 11.41, p < 0.000T****
Genotype: Fq,17)=0.6799, p = 0.4271

108 Two-way ANOVA:
Time X Genotype: Fs 55 = 0.9526, p = 0.4548
Time: Fp.188.24.07) = 18.48, p << 0.0007****
Genotype: Fy,17)=0.1655, p = 0.6920

10¢ Two-way ANOVA:
Time X Genotype: Fso5) = 1.329, p = 0.2585
Time: Fip.806,53.32) = 22.66, p << 0.0007****
Genotype: F(y 19 = 0.2653, p=0.6125

10D Two-way ANOVA:
Time X Genotype: Fs o5) = 2.098, p = 0.0723
Time: F3.273,62.18) = 47.21, p < 0.000T****
Genotype: Fy,19 = 0.7708, p=0.3909

10F Two-way ANOVA:
Time x Genotype: Fs 100 = 0.4797, p = 0.7907
Time: F1 6373274 = 121.5, p < 0.000T****
Genotype: Fiq 50 = 2.558, p = 0.1254

10F Two-way ANOVA:
Time X Genotype: Fs 100 = 0.4253, p = 0.8301
Time: F(3_097’61_93) =066.61, p< 0.0007%****
Genotype: F(y 50 = 0.6338, p=0.4353

106 Two-way ANOVA:
Time X Genotype: Fs 105 = 0.5099, p = 0.7682
Time: F3.937,61.68) = 8.638, p << 0.0001****
Genotype: Fiy 57y = 0.04139, p = 0.8407

118 Two-way ANOVA:
Force x Genotype: F7 154 = 0.2821, p = 0.9602
Force: F3 62857.81) = 129.8, p < 0.0007****
Genotype: Fy,55=0.07016, p=0.7936

1¢ Two-way ANOVA:
Force x Genotype: F(7 154 = 1.746, p = 0.1021
Force: £ 4645420 = 165.7, p < 0.0007%***
Genotype: Fy 55 =2.371, p=0.1379

1D Two-way ANOVA:
Time X Genotype: F(3 65 = 0.8158, p = 0.4897
Time: F3.405 52,90 = 2.987, p = 0.0498*
Genotype: Fy55 = 0.8516, p=0.3661

ME Two-way ANOVA:
Time X Genotype: F(3 65 = 1.790, p = 0.1576
Time: Fp 10.48.61) = 31.62, p < 0.0007****
Genotype: Fq55 = 1.358, p=0.2564

MnF Two-way ANOVA:
Time X Genotype: F(3 65 = 3.104, p = 0.0324*
Time: Fa273,50.00) = 131.0, p << 0.0007*%**
Genotype: F(y 55 = 0.4608, p = 0.5044

K14%¢*:Atoh1"": 11
K14%:Atoh1™™: 11

K14%+ Atoh1™™: 12
K147 ;Aton1™™: 11

K14%¢*:Atoh1™™: 12
K14%¢:Atoh1™™: 11

K14%¢*:Atoh1™: 12
K14%:Atoh1™™: 11

K14%* Atoh1™" 6
K14%¢Atoh1™"- 7

K14%¢*:Atoh1"": 6
K14%Atoh1™"- 7

K14%¢*:Atoh1™": 11
K14%:Atoh1™™- 10

K149+ Atoh1™": 11
K14%¢-Atoh1™™: 10

K14%¢*:Atoh1"": 11
K14%Atoh1™™: 11

K14%¢*:Atoh1™": 11
K14%:Atoh1™™: 11

K149+ Atoh1™™: 12
K147 ;Aton1™™: 11

K14%¢*:Atoh1™": 13
K14%¢Atoh1™™: 11

K14%¢*:Atoh1™": 13
K14%:Atoh1™™: 11

K149+ Atoh1™: 13
K14%¢Atoh1™™: 11

K147+ Atoh 1™ 13
K14%¢:Atoh1™™: 11

K14%¢*:Atoh1™": 13
K14%:Atoh1™™: 11
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116 Two-way ANOVA: K147+ Atoh1™": 13

Time x Genotype: F3,¢¢ = 0.5619, p = 0.6421 K14 Atoh1™™: 11

Time: Fo705,50.58) = 29.72, p < 0.0001%%%*

Genotype: Fy 53 = 0.3310, p=0.5709
1H Paired two-tailed ¢ test: Contra/lpsi: 5

Extended Data Fig. 7-1A

Extended Data Fig. 7-1B

Extended Data Fig. 7-1C

Extended Data Fig. 7-1D

Extended Data Fig. 7-1F

Extended Data Fig. 7-1F

tiay=0.04563, p = 0.9658

Two-way ANOVA:

Force x Genotype: F(g 372 = 5.365, p << 0.0007%***
Force: Fig151,257.4) = 227.7, p << 0.0007%***
Genotype: Fiy 67 = 18.29, p < 0.0007****

Two-way ANOVA:

Force x Genotype: Fg 372 = 8.692, p << 0.0007%***
Force: £ 545157.6) = 62.96, p < 0.0007****
Genotype: Fy 67 = 17.73, p < 0.0007****

Two-way ANOVA:

Time X Genotype: F(s 319y = 5.751, p << 0.0007%***
Time: Fia383.2717) = 62.56, p << 0.0007****
Genotype: Fiy 67 = 28.54, p < 0.0007****

Two-way ANOVA:

Time x Genotype: F(s 319 =3.217, p = 0.0076**
Time: F(3_433'2-|2_9) =143.18, p< 0.0007****
Genotype: Fiy 65 = 13.09, p = 0.0006***

Two-way ANOVA:

Time X Genotype: Fs 505 = 2.975, p=0.0129*
Time: F3.831.157.1) = 35.77, p < 0.000T****
Genotype: Fy 41y =17.27, p=0.0002***

Two-way ANOVA:

Force X Genotype: Fg516) = 3.720, p = 0.0012**
Force: F4.042,347.6)=303.6, p < 0.0007****
Genotype: F(y gg) = 16.28, p = 0.0001***

Bonferroni multiple comparisons test:

K14+ Atoh 1™ vs K149 ;Atoh1™"
0.02 g: p=0.2758

0.04 g: p = 0.0027**

0.07 g: p=0.0016**

0.16 g: p = 0.0002%**

0.4 g: p=10.0067**

0.6 g: p=0.6260

19:p=05453

Bonferroni multiple comparisons test:

K149 ;Atoh1™" vs K147;Atoh1™"
0.02 g: p=0.0001***

0.04 g: p = 0.0004**

0.07 g: p=0.0010***

0.16 g: p = 0.0603

0.4 g: p=10.0566

0.6 g: p=0.0815

19:p=0.1616

Bonferroni multiple comparisons test
K149 ;Atoh1™" vs K14;Atoh1™"
0d: p=0.2364

3d: p <0.0007%***

7 d: p=0.0003***

14 d: p=0.0010**

21 d: p=0.0012**

28 d: p=10.0001***

Bonferroni multiple comparisons test
K14¢*Atoh 1™ vs K147 Atoh 1"
0 d: p=0.1901

3 d: p=0.0406*

7 d: p=0.0021**

14 d: p=0.0126*

21 d: p=0.0166*

28 d: p=0.0077**

Bonferroni multiple comparisons test
K149 ;Atoh1™" vs K147;Atoh1™"
0d: p=0.0710

3 d: p=0.0209*

7 d: p=0.0406*

14 d: p=0.0041**

21 d: p=0.0057**

28 d: p=10.0005***

Bonferroni multiple comparisons test:

K14<+Atoh 1™ vs K149 ;Atoh1™"
0.02 g: p=0.0307*

0.04 g: p=0.0010%*

0.07 g: p = 0.0046**

0.16 g: p = 0.0026**

0.4 g: p=0.0086**

0.6 g: p=03399

1g: p=0.9398

K14%¢*:Atoh1™": 32
K14%:Atoh1™"™: 3

K14%¢*:Atoh1™": 32
K14%:Atoh1™": 3

K14%¢*:Atoh1™": 32
K14%:Atoh1™™: 3

K14%¢*:Atoh1™": 32
K14%¢:Atoh1™™: 32

K14%* Atoh1™™: 22
K147 ;Aton1™™: 21

K14%¢*:Atoh ™. 44
K14%:Atoh1™™. 44

(Table continues.)
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Extended Data Fig.

Extended Data Fig.

Extended Data Fig.

Extended Data Fig.

Extended Data Fig.

Extended Data Fig.

Extended Data Fig.

Extended Data Fig.

Extended Data Fig.

Extended Data Fig. 10-14

Extended Data Fig. 10-18

716

7-1H

711

7-U

7-2A

7-28

7-2C

Two-way ANOVA:

Force x Genotype: Fig 515 = 13.10, p << 0.0007%***

Force: F3 425 208.6) = 89.30, p < 0.0007%***
Genotype: Fiy gg) =20.31, p < 0.0007****

Two-way ANOVA:

Time X Genotype: Fs 430) = 6.981, p << 0.0007%***

Time: Fia331,372.5 = 106.6, p << 0.0007****
Genotype: Fy g5) = 37.86, p << 0.0001****

Two-way ANOVA:

Time X Genotype: Fs 430) = 2.768, p = 0.0178*
Time: F3.278.281.9) = 90.34, p < 0.0007****
Genotype: Fiy gg) = 10.54, p=0.0017**

Two-way ANOVA:

Time X Genotype: Fs 355 = 2.442, p = 0.0342*
Time: F(3.575232.4) = 85.25, p << 0.000T****
Genotype: Fy g5) = 7.350, p = 0.0086*

Two-way ANOVA:

Force x Genotype: Fg 105 = 0.8153, p = 0.5603
Force: Fi3.55057.06) = 271.5, p < 0.0007%***
Genotype: Fy, 15 = 0.8246, p = 0.3758

Two-way ANOVA:

Force x Genotype: Fg 105 = 0.8319, p = 0.5478
Force: Fi3.457,62.22) = 3.857, p=0.0101*
Genotype: Fy, 15 = 0.2687, p= 0.6105

Two-way ANOVA:

Time X Genotype: Fs o) = 0.8556, p = 0.5143
Time: F 765 49.76) = 97.52, p < 0.0007****
Genotype: Fq,15 = 0.000, p > 0.9999

Two-way ANOVA:

Time X Genotype: Fs o0 = 0.7883, p = 0.5608
Time: F(3.548,63.86) = 4328, p < 0.0007****
Genotype: Fy 15 = 0.1907, p = 0.6675

Two-way ANOVA:

Time X Genotype: F(s o0 = 0.5307, p =0.7525
Time: F3.339,60.10) = 54.82, p < 0.0007****
Genotype: Fy,15) = 0.4624, p = 0.5052

Two-way ANOVA:

Force x Genotype: Fg 330 = 0.1093, p = 0.9953
Force: F3.337,183.5) = 296.6, p < 0.0001%***
Genotype: Fy55)=0.01970, p = 0.8889
Two-way ANOVA:

Force x Genotype: Fg 330 = 0.3491, p =0.9102
Force: F(2A745,151 0= 30.70, p< 0.0007%****
Genotype: Fy 55)=0.05107, p = 0.8220

Bonferroni multiple comparisons test:

K149 ;Atoh1™" vs K147;Atoh1™"
0.02 g: p < 0.0007%***

0.04 g: p < 0.0001%***

0.07 g: p = 0.0006***

0.16 g: p=0.0337*

0.4 g: p=10.0680

0.6 g: p=0.0912

19:p=0.1714

Bonferroni multiple comparisons test
K149 ;Atoh1™" vs K14;Atoh1™"
0 d: p=0.0263*

3 d: p < 0.0007%*

7 d: p < 0.0007%#+

14 d: p < 0.0007%***

21 d: p < 0.0007****

28 d: p < 0.0007%***

Bonferroni multiple comparisons test
K14¢*Atoh 1™ vs K147 ;Atoh 1"
0d:p=0.1685

3d: p=0.0630

7 d: p=0.0075**

14 d: p=0.0178*

21 d: p=10.0297*

28 d: p=0.0144*

Bonferroni multiple comparisons test
K14¢%Atoh 1™ vs K147 Atoh1™"
0d: p=06308

3d:p=02520

7d:p=0.2226

14 d: p=0.0597

21 d: p=10.0499*

28 d: p=10.0152*

K149 ™ :Atoh ™. 44
K14%:Atoh1™™. 44

K149 ™ Atoh ™. 44
K14%€:Atoh1™™. 44

K149 :Atoh1™": 44
K149 Atoh1™™: 44

K149+ Atoh1™™: 34
K14%¢Atoh1™™: 33

K14%¢*:Atoh1™": 10
K14%:Atoh1™™: 10

K149+ Atoh1™™: 10
K14%:Atoh1™™ 10

K149+ Atoh 1™ 10
K14%¢:Atoh1™™: 10

K14%¢*:Atoh1™: 10
K14%:Atoh1™™ 10

K147+ Atoh1™™: 10
K14%¢Atoh1™™: 10

K14%¢*:Atoh 1™ 29
K14%:Atoh1™": 28

K14%¢*:Atoh1™: 29
K14%:Atoh1™": 28

(Table continues.)
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Figure Pre hoc

Post hoc N (number of samples/animals per group)

Extended Data Fig. 10-1C Two-way ANOVA:

Time X Genotype: Fs 575 = 0.5749, p = 0.7192
Time: Fig166.220.1) = 114.4, p << 0.0007*%**
Genotype: Fy 55)=0.09238, p=0.7623
Two-way ANOVA:

Time X Genotype: Fs 575 = 0.3184, p=0.9017
Time: F(3.466,190.7) = 31.80, p < 0.0007****
Genotype: Fiy 55 =0.007107, p = 0.9331
Two-way ANOVA:

Time X Genotype: Fs 150) = 0.6043, p = 0.6967
Time: F(3.064,98.04) = 53.80, p << 0.0007****
Genotype: Fy 35 = 0.4431, p=0.5104

Two-way ANOVA:

Force x Genotype: Fg 452 = 0.1290, p = 0.9927
Force: F3 351,258.0) = 366.2, p << 0.0007%***
Genotype: F(y 77 = 0.2495, p=0.6188

Two-way ANOVA:

Force x Genotype: Fg 452 = 0.6755, p = 0.6696
Force: Fiy628202.4) = 46.62, p << 0.0007****
Genotype: Fiy 77 = 0.05664, p = 0.8125
Two-way ANOVA:

Time X Genotype: Fs 355 = 0.7521, p = 0.5849
Time: Fa 2383263 = 164.9, p < 0.0007****
Genotype: Fy77)= 0.8046, p=0.3725

Two-way ANOVA:

Time X Genotype: Fs 355 = 0.3927, p = 0.8538
Time: Fi3 508.270.1) = 67.12, p << 0.0007****
Genotype: F 77 =0.1314, p=0.7180

Two-way ANOVA:

Time X Genotype: Fs ,70) = 0.3761, p = 0.8649
Time: F3.202,172.9 = 100.2, p < 0.0007****
Genotype: Fy 54y = 0.09264, p = 0.7620

Extended Data Fig. 10-10

Extended Data Fig. 10-1F

Extended Data Fig. 10-1F

Extended Data Fig. 10-1G

Extended Data Fig. 10-1H

Extended Data Fig. 10-1/

Extended Data Fig. 10-1/

K14%¢*:Atoh1™: 29
K14%:Atoh1™™- 28

K149+ Atoh1™™: 29
K14%:Atoh1™™- 28

K14%¢*:Atoh1™: 17
K149 Aton1™™: 17

K14%¢*:Atoh1™": 40
K14%:Atoh1™™: 39

K149+ Atoh1™: 40
K14%¢Atoh1™™: 39

K14%¢*:Atoh1™": 40
K14%¢:Atoh1™": 39

K14%¢*:Atoh1™": 40
K14%€:Atoh1™™: 39

K149+ Atoh 1™ 28
K14%¢Atoh1™": 28

Asterisks indicated signifcant differences at levels of #p<<0.05, ##xp<0.01, #:+p<<0.001, and s<p<<0.0001.

with anti-K17, which labels hair follicles and the specialized sub-
population of keratinocytes that give rise to Merkel cells
(McGowan and Coulombe, 1998; Doucet et al., 2013), and with
anti-neurofilament heavy chain (NF200), to visualize myelinated
sensory nerve fibers. In the hairy skin surrounding the plantar ter-
ritory (Fig. 1A, Domain 1; Fig. 1B), Merkel cells were observed in
small clusters located adjacent to a subset of K17" hair follicles
(presumably guard hair follicles), and often in close proximity to
NF200 " fibers (Fig. 1B, inset a), as previously described for hairy
skin (Halata et al., 2003). In the glabrous skin proximal to the foot
pads (Fig. 1A, Domain 2; Fig. 1B), Merkel cells were sparsely dis-
tributed, individually or in groups of 2 or 3, without an obvious
pattern of organization. They tended to be more common near
the paw midline than in more medial and lateral regions (Fig. 1A,
B). Most Merkel cells in this domain were in close proximity to
NF200 ™ afferent terminals, and nearly all were also juxtaposed to
small clusters of strongly K17" keratinocytes (Fig. 1B, inset b).
While the K17 antibody occasionally labeled a subset of the
Merkel cells, as well as scattered, individual keratinocytes, the
Merkel cell-associated clusters were distinct with respect to their
contiguousness with Troma-1-positive Merkel cells, and likely rep-
resent the glabrous skin equivalent of touch domes found in hairy
skin. In the foot pads (Fig. 1A, Domain 3; Fig. 1C), as previously
described (Moll et al., 1996; Doucet et al., 2013), Merkel cells were
found in dense clusters. In this region, they were consistently asso-
ciated with corresponding clusters of K17* keratinocytes and
occasionally in proximity to NF200™" afferents, although the qual-
ity of whole-mount staining for the latter two markers was

suboptimal in the foot pads. Immunostaining of transverse skin
sections confirmed the basal epidermal localization of Merkel cells
(Fig. 1E). We also looked for Merkel cells in hind paw plantar skin
hair follicles (Fig. 1A, Domain 4; Fig. 1D). Consistent with the
prior characterization of these follicles (Walcher et al., 2018), we
observed 77 =4 (mean = SEM) hair follicles per hind paw
(n=4). In that study, it was proposed that these follicles were in-
nervated predominantly by A6 RA LTMRs and circumferential
endings. However, 30 =7 (mean * SEM, 39.6%) of the hair
follicles we analyzed were associated with Merkel cell clusters
(Fig. 1A,D,G), and these were often in close approximation to
NF200" afferents (Fig. 1D,F). No hair follicles were observed in
the plantar skin of the front paws (data not shown). Finally, we
stained for Merkel cells in TrkC*"*™* mice, in whose skin A3
SAI LTMRs, as well as A Field-LTMR circumferential endings,
and a subset of free nerve endings are labeled (Bai et al,, 2015).
This approach afforded us the opportunity to label a more re-
stricted population of neurons than could be achieved with anti-
NF200. We observed a close approximation of Merkel cells to
tdTomato-labeled terminals, presumably AS SAI LTMRs, in all
four skin areas (Fig. 1H-J). Thus, Merkel cells are located in each
of the four major domains of the plantar mouse paw skin and
adjacent hairy skin.

Differential effects of nerve injury on distinct hind paw
Merkel cell populations

Previous studies involving multiple mammalian species have
defined a heterogeneous pattern of changes in Merkel cell
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Figure 1.

Merkel cell expression pattern in hind paw skin. A, Whole-mount immunostaining for K8 (green), K17 (blue), and NF200 (red) in mouse hind paw (left). White dashed line indi-

cates the boundary between plantar skin and adjacent hairy skin. Schematic map (right) shows location of Merkel cells (green), foot pads (tan), and hair follicles (gray) in the specimen at left.
Domains 1-4 of the hind paw are defined in the text. Scale bar, 100 pm. B, Whole-mount immunostaining for K8 (green), K17 (blue), and NF200 (red) in glabrous skin proximal to the foot
pads and in adjacent hairy skin. Ba, Bb (Insets), Higher-magnification views of areas from hairy and glabrous skin, respectively, indicated by dashed boxes. Arrows indicate K8* Merkel cell
cluster in hairy skin and individual K8" Merkel cells in glabrous skin, respectively. Note the close relationship in glabrous skin between Merkel cells and small clusters of K17 epidermal cells.
Scale bar, 500 um. €, D, Whole-mount immunostaining for K8 (green), K17 (blue), and NF200 (red) in foot pads (€) and hairy plantar skin (D). Arrows indicate k8™ Merkel cell clusters. Insets,
Higher-magnification views of the areas indicated by dashed boxes. Scale bar, 100 um. E, F, Immunostaining for K8 (green), K17 (blue), and NF200 (red) on transverse sections of hind paw
foot pads () and hairy plantar skin (F). Insets, Higher-magnification view of K8 Merkel cells at epidermal-dermal horder of glabrous skin and in the hair follicles of hairy skin, respectively, in
areas outlined by dashed boxes. Epi, Epidermis; Der, dermis; HF, hair follicle. Scale bar, 100 um. G, Quantification of the number of total K17 hair follicles per hind paw in plantar hairy skin
and the number of K17 hair follicles per hind paw associated with K8 Merkel cells (n=4). Data are mean = SEM. H—K, In TrkC*™™ ™ mice, whole-mount immunostaining for K8 (green)

and tdTomato (red) in the hairy skin (H), glabrous skin (/), hairy plantar skin (J), and foot pad (K) of the hind paw. Scale bar, 100 ptm.

abundance following skin denervation, depending on the skin
location assayed and whether reinnervation was allowed to occur
(English et al., 1983; Nurse and Diamond, 1984; Nurse et al.,
1984a; Mills et al., 1989; Xiao et al., 2015; Ko et al., 2016). To
examine this issue in a model of peripheral nerve injury associ-
ated with neuropathic pain, we performed SNI surgery, in which
two branches of the sciatic nerve, the common peroneal and tib-
ial nerves, are severed, while the sural branch, which innervates
the plantar and hairy skin of the lateral hind paw, is spared (Fig.
2A) (Decosterd and Woolf, 2000; Shields et al., 2003; Bourquin
et al, 2006). We initially examined the spatial distribution of
K8 Merkel cells and NF200" myelinated afferent nerve termi-
nals in different paw skin areas after nerve injury in male mice,

using the contralateral hind paw as a control (Fig. 2B-E). As
expected, after injury, in the glabrous skin proximal to the foot
pads, we observed an ipsilateral reduction in immunostaining
for NF200™ nerve fibers that was most prominent in the middle
of the paw, a territory innervated by the severed tibial nerve, but
that appeared to recover over time, presumably through collat-
eral sprouting. Following denervation, we also observed a reduc-
tion in Merkel cells in the ipsilateral glabrous hind paw skin of
WT mice, both as compared over time and relative to the contra-
lateral paw, that reached statistical significance at day 28 and per-
sisted at day 56 (Fig. 2B-F). We were unable to evaluate potential
injury induced changes in Merkel cell density in the sural nerve-
innervated portion of the hind paw glabrous skin because of its
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Figure 2.  Abundance and distribution of hind paw Merkel cells and associated nerve endings in male mice after peripheral nerve injury. A, Schematic diagram of SNI injury model, showing
the three branches of the sciatic nerve (common peroneal, tibial, and sural) and the lateral plantar area (blue) of hind paw innervated by sural afferents. Red box represents area examined fur-
ther in B-E. B—E, Whole-mount immunostaining for K8 (green), K17 (blue), and NF200 (red) on the contralateral (B) and ipsilateral (C) hind paw on day 7, and ipsilateral hind paw on day 28
(D) and 56 (E) after SNI surgery. Right, Insets, Amplified views of the areas of the middle (tibial nerve innervation territory; a, ¢, e, and g) and hairy lateral (sural nerve innervation territory; b,
d, f, and h) areas of hind paw, respectively, indicated by the dashed boxes. Scale bar, 500 um. F, Quantification of Merkel cell numbers in contralateral (green) and ipsilateral (magenta) hind
paw plantar skin (proximal to foot pads) at the indicated times after SNI (n = 3-5). BL, Baseline. G, Quantification of the mean number of Merkel cells per hair follicle in the lateral hairy skin
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Figure 3.

Merkel cell abundance and distribution comparison in male and female mice before and after nerve injury. 4, Quantification of Merkel cell density in contralateral (green) and ipsi-

lateral (magenta) hind paw plantar skin (proximal to foot pads) in males and females at 28 d after SNI (n =5). B, Quantification of the mean number of Merkel cells per hair follicle in the lat-
eral hairy skin of the contralateral (green) and ipsilateral (magenta) hind paw in males and females at 28 d after SNI (n = 5). €, Quantification of the percentage of hair follicles associated with
Merkel cells in the lateral hairy skin of the contralateral (green) and ipsilateral (magenta) hind paw in males and females at 28 d after SNI (n = 5). D, Quantification of Merkel cell density in na-
ive (green) and SNI day 56 (magenta) ipsilateral hind paw plantar skin (proximal to foot pads) in males and females (n = 5). E, Quantification of the mean number of Merkel cells per hair fol-
licle in the lateral hairy skin of the naive (green) and SNI day 56 (magenta) ipsilateral hind paw in males and females (n =5). F, Quantification of the percentage of hair follicles associated
with Merkel cells in the lateral hairy skin of the naive (green) and SNI day 56 (magenta) ipsilateral hind paw in males and females (n = 5). Data are mean == SEM. (1) Overall p value for differ-
ence between males and females using two-way ANOVA. Results of Bonferroni post hoc correction: *p << 0.05. (2) A-C, Overall p value for difference between ipsilateral and contralateral paws
using two-way ANOVA. D-F, Overall p value for difference between naive and SNI day 56 ipsilateral paws using two-way ANOVA. Results of Bonferroni post hoc correction: *p << 0.05;

*p < 0.01; ***p < 0.001; ****p < 0.0001.

«—

of the contralateral (green) and ipsilateral (magenta) hind paw after SNI (n =3 or 4). H-K,
In TrkC™ mice, whole-mount immunostaining for K8 (green) and tdTomato (red) in the
hairy lateral area of contralateral (H,H’) and ipsilateral (/,/") hind paws on day 7, and ipsilat-
eral hind paw on day 28 (JJ') and day 56 (K,K') after SNI. Insets, Merkel cells associated
with TkC™* nerve endings. Scale bar, 100 um. L, Quantification of the percentage of
hair follicles associated with Merkel cells in the lateral hairy skin of the contralateral (green)
and ipsilateral (magenta) hind paws after SNI (n =3 or 4). M, Quantification of the percent-
age of K8 Merkel cell dlusters in close proximity to TkC'®™°* nerve endings in the lat-
eral hairy skin of the contralateral (green) and ipsilateral (magenta) hind paws after SNI
(n=3 or 4). Data are mean = SEM. (1) Overall p value from one-way ANOVA of ipsilateral
paw data over time. Results of Bonferroni post hoc correction: *p << 0.05; **p < 0.07;
FHHp<0.001. (2) Overall p value for difference between ipsilateral and contralateral
paws over time using two-way ANOVA. Results of Bonferroni post hoc correction: *p << 0.05;
**p < 0.01.

low baseline density of Merkel cells and to uncertainty about the
precise border between sural and tibial territories. In the nearby
hairy skin innervated by the spared sural nerve, using TrkC'""
mice, we observed no changes in the percentage of hair follicles
associated with Merkel cells 28 d after injury (Fig. 2H-J,L), but by
56 d there was a slight reduction in this parameter (Fig. 2L) and in
the mean number of Merkel cells per hair follicle (Fig. 2G), com-
pared with baseline. Yet, these levels were not significantly differ-
ent from those measured on the contralateral side. There was no
change in the percentage of Merkel cell clusters with closely
apposed TrkC¥°™_positive endings (Fig. 2M) over time or
between ipsilateral and contralateral paws.

To determine whether a similar pattern of Merkel cell anat-
omy with and without nerve injury can be seen in female mice,
we compared WT males and females at day 28 after SNIL. As in
males, we observed Merkel cell loss in the female ipsilateral gla-
brous hind paw compared with the contralateral side. No
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Figure 4.  Expression of SAI LTMR endings and other nerve endings in the glabrous and hairy skin of male Merkel cell-deficient and control mice. A-D, Whole-mount immunostaining for
tdTomato (red), K8 (green), and K17 (blue) in the glabrous (4) and hairy (B) skin from control Cre-negative Atoh1™™:Trk(™ mice, and the glabrous (C) and hairy (D) skin from K74,
Atoh 1" Trk(™ e mice. Insets, Expanded view of TrkC4omatot parve endings. Long structures in K8 staining (B,D) are autofluorescent or crossreacting hair shafts. Compact structures (arrows
in B) are Merkel cells. Scale bar, 100 um. E-H, Whole-mount staining for CGRP (blue) and tdTomato (red) in the glabrous (E) and hairy (F) skin of control mice, and the glabrous (G) and hairy
(H) skin of K147 ;Atoh 1" Trkc™™™ mice, respectively. Scale bar, 100 um. /, Quantification of the number of TrkC™ nerve terminals in hind paw glabrous skin of K747°*;Atoh1™":
Trk(tetomato (n=9) and control (n =9) mice. Data are mean = SEM. Unpaired two-tailed Student’s t test. J, Quantification of the total branch length per TrkC™* nerve terminal complex in gla-
brous hind paw skin from K147 :Atoh TV Trk (O™ (n = 9) and control (n = 9) mice. Data are mean == SEM. Unpaired two-tailed Student’s ¢ test. K, Whole-mount immunostaining for
tdTomato in hairy skin of control (left) and K747 ;Atoh 1" Trk™™® (right) mice. Insets, Amplified view of TrkC'"™°* circumferential nerve endings, which are presumably field LTMRs.
Scale bar, 100 pm.

significant difference was seen between males and females in ei-
ther paw, although there was a slight trend toward lower Merkel
cell density in females, compared with males, in the uninjured
glabrous hind paw proximal to foot pads (Fig. 3A). In the hairy
sural territory, there was a small but significant reduction in
mean number of Merkel cells per hair follicle in the ipsilateral

paw, compared with the contralateral paw, when assessed across
all animals tested, but this difference was not significant individ-
ually within either males or females (Fig. 3B). There was no dif-
ference in either sex between ipsilateral and contralateral paws in
the percentage of hair follicles associated with Merkel cells and
no sex difference in this parameter (Fig. 3C). To further assay for
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Figure 5. Distribution of TrkC* neurons and other neuronal subtypes in lumbar DRGs of male Merkel cell-deficient and control mice. A, B, Immunostaining for tdTomato (red), NF200

(green), CGRP (blue), and 1B4 (white) in lumbar DRGs from control (4) and K747 ;Atoh 1" Tk (B) mice. Scale bar, 100 um. €, D, Immunostaining for tdTomato (red) and NeuN
(green) in lumbar DRGs from control (€) and K74(’”,'Atoh7f”,'pr2fdw""”" (D) mice. Scale bar, 100 um. E, F, Quantification of the percentages of NF200*, CGRP™, 1B4™ (E), and
TrkC ™% (£) neurons in lumbar DRGs of K747 ;Atoh 1™ Trk(* ™™ (1= 6) and control (n=6) mice. Data are mean = SEM. Unpaired two-tailed Student’s t test. G, Quantification of
the percentage of Npy2r'®™®* neurons in lumbar DRGs of K747 Atoh 7"":Npy2/“™ (n = 6) and control (n = 8) mice. Data are mean = SEM. Unpaired two-tailed Student’s  test.

sex differences in Merkel cell baseline number/density and/or
survival rate at longer time after injury, we made an additional
comparison of the ipsilateral hind paw in naive versus SNI day
56 male and female mice. Naive and injured mice used in this
experiment also were age-matched to eliminate the potential
contribution of age-dependent Merkel cell loss (Wright et al.,
2017). In the glabrous territory, we observed a slightly lower
Merkel cell density in naive females compared with naive males
that just reached significance. A significant loss of Merkel cells
was observed in both sexes at 56d after injury (Fig. 3D). In the
hairy sural area, there was no difference in either Merkel cell
number per hair follicle or percentage of follicles with Merkel
cells between naive and day 56 in either sex, and no sex differ-
ence was seen in either treatment group (Fig. 3E,F). In summary,
male and female mice exhibited similar Merkel cell densities in
hind paw skin and a similar loss of Merkel cells in denervated
glabrous skin. By comparison, Merkel cell loss was minimal in
nondenervated hairy sural areas in both sexes.

Deletion of Merkel cells does not affect prevalence or
terminal morphology of A SAI LTMRs or other major
sensory neuron subtypes

Previous studies have revealed that Merkel cells can be develop-
mentally eliminated in mice through conditional KO of the tran-
scription factor Atohl in precursor cells in the basal epidermis
using either HoxB1“™ or K14“" driver lines (Maricich et al,,
2009, 2012; Maksimovic et al., 2014; Reed-Geaghan et al., 2016;

Feng et al., 2018). We therefore examined male K14*;Atoh 1"
and Cre-negative control mice. As expected, the Cre-positive
mice exhibited an absence of Merkel cells from hairy and gla-
brous skin of the hind paw. Prior studies have reported changes
in the physiological properties and gene expression patterns of
AB SAI LTMRs following Merkel cell KO or perturbation
(Maricich et al., 2009; Maksimovic et al., 2014; Reed-Geaghan et
al,, 2016; Feng et al., 2018). In multiple studies, touch domes and
touch dome-innervating afferents were shown to persist in the
KO mice. However, whereas in one study Merkel cell loss was
found to result in expanded branching of the touch dome-associ-
ated afferent terminals (Maricich et al., 2009), this was not the
case in another study (Maksimovic et al, 2014). We further
explored this issue, using K14<*";Atoh V"%, TrkC'™#° mice. In
the glabrous skin of control Cre-negative Atoh™;TrkC'®om e
mice, we observed tdTomato-labeled terminal complexes with a
distinct branched morphology. Of these structures, 44.0% were
in close contact with Merkel cells (Fig. 4A,B), making them likely
to be the terminals of AB SAI-LTMRs. Neither the density of
these terminal complexes nor the total branch length per
complex, measured from 2D projections of confocal z-stack
images, was altered in the K14“";Atoh ", TrkC¥*™@ mice
(Fig. 4A-D,1,]), suggesting that the terminal anatomy of glabrous
skin SAI neurons is not overtly modified by the absence of
Merkel cells. In adjacent hairy skin, TrkCtdmm"“O—positive Merkel
cell-associated terminals and circumferential LTMR endings
(likely AB Field-LTMRs) were in close proximity, and the
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Figure 6.

Nerve injury induced punctate mechanical allodynia in Merkel cell-deficient male mice in the SNI model. A-L, Punctate mechanical sensitivity measured across forces in the ipsilat-

eral sural nerve-innervated hind paw skin at baseline (4,0,6,J) and 28.d (B,E,H,K) after SNI and time course of hind paw sensitivity to 0.02 g (CF,J,L) von Frey filament in K147* :Aton1™"

and Cre-negative Atoh1™"

control male mice. A-C, Cohort 1. D-F, Cohort 2. G-I, Cohort 3. J-L, Cohort 4. Data are mean = SEM. Two-way ANOVA with p value from overall comparison between

genotypes over time or force shown at top and number of mice in parentheses. Results of Bonferroni post hoc correction: *p << 0.05; **p << 0.01; Cre-positive versus Cre-negative.

presumptive SAI terminals lacked the distinct morphology noted
in glabrous skin, precluding a quantitative comparison between
genotypes in this region. There were also no notable differences
between K14™*;Atoh "/ TrkC'*™ mice and Cre-negative
controls in the appearance of CGRP-positive fibers (Fig. 4. E-H)
or circumferential AB Field-LTMRs endings in hairy skin

(Fig. 4K). Together, these findings suggest that Merkel cell KO
does not obviously alter the morphology of paw skin peripheral
nerve terminals among the subtypes and locations examined.
Given the effects of Merkel cell deletion on DRG gene and
protein expression reported by others, we sought to clarify
whether deletion of Merkel cells would impact the prevalence of
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different neuronal subtypes in lumbar
DRGs. We performed immunostaining
for neuronal markers NF200 (myelin-
ated neurons), CGRP (peptidergic
nociceptors), and IB4 (nonpeptider-
gic nociceptors), and for tdTomato in
lumbar DRGs of K14*;Atoh 1™,
TrkC'#°™°  mice. As previously
reported (Bai et al., 2015; Reed-Geaghan et
al, 2016), TrkC*ma DRGs showed
tdTomato labeling mainly in NF200"
large-sized DRG neurons and in some
NF200" CGRP™ neurons, but there
was no significant difference in
tdTomato-labeled neuron prevalence
between genotypes. K14 ;Atoh /",
TrkC'¥°™° mice also exhibited simi-
lar prevalence of NF200", CGRP™,
and IB4" neurons to control mice
(Fig. 5A,B,E,F). Finally, we crossed
K14;Atoh """ mice with Npy2r'dtomate
mice, to label a population of neurons
that includes AB RA LTMRs (Li et al.,
2011). Again, no differences were
noted in the prevalence of these neu-
rons in the DRGs of Merkel cell KO
mice versus controls (Fig. 5C,D,G).
With the caveat that only a subset of
labeled neurons in TrkC'°™*° mice
are ABS SAI LTMRs, the findings
described above collectively suggest
that neither the abundance nor the ter-
minal morphology of AB SAI LTMRs
was substantially altered in the absence
of Merkel cells, and that other major
neuronal subtypes are also present at
normal prevalence.

Deletion of Merkel cells reduces
mechanical hypersensitivity after sural
sparing nerve injury in male mice

To explore the functional importance of
Merkel cells in neuropathic pain, we
evaluated punctate and dynamic pain-
related behaviors in Merkel cell KO mice
before and after SNI surgery. We exam-
ined four independent mouse cohorts
over a period of 3 years. Cohorts 1, 2,
and 4 were assayed by one investigator,
while Cohort 3 was assayed by a second
investigator. Punctate mechanical sensi-
tivity was assessed in the glabrous skin
territory innervated by the spared sural
nerve using von Frey filaments. In the
first and fourth cohorts tested, we
observed a reduction in baseline punctate
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Figure 7.  Nerve injury induced dynamic mechanical allodynia in Merkel cell-deficient male mice in the SNI model. A-G,
Time course of brush-evoked dynamic mechanical sensitivity, after SNI, in the ipsilateral sural nerve-innervated glabrous (B,D,
F) and neighboring hairy (4,CE,G) skin of K747 ;Atoh1™" and control male mice. A, B, Cohort 1. C, D, Cohort 2. E, F, Cohort
3. G, Cohort 4. Data are mean = SEM. Two-way ANOVA with p value from overall comparison between genotypes over time
or force shown at top and number of mice in parentheses. Results of Bonferroni post hoc correction: *p << 0.05; **p << 0.07;
(re-positive versus Cre-negative. Extended Data Figures 7-1 and 7-2 support Figure 7.

(Fig. 6B,E,H,K) that reached significance in an overall analysis

mechanosensitivity in K14“°*;Atoh " mice, compared with  across forces in three of the four cohorts. Indeed, when we exam-
Cre-negative controls (Fig. 6A,]). However, no significant reduc-  ined responses to the lowest force (0.02 g) over time after injury,
tion was observed in Cohort 2 (Fig. 6D) or Cohort 3 (Fig. 6G). In  K14“*;Atoh ™" mice showed significantly less sensitization
all four cohorts, SNI surgery produced a leftward shift in the  than controls in all four cohorts (Fig. 6C,F,I,L). These data are
force-response profile in both genotypes. However, at 28d after ~ consistent with a reduction in punctate allodynia in these mice.
surgery, we observed reduced mechanical hypersensitivity in  In Cohorts 1 and 2, K14 ";Atoh " mice also showed a reduc-
K14 Atoh """ mice, compared with controls, after SNI  tion in dynamic allodynia, assayed by brush stimulation of the
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Figure 8. Nerve injury induced thermal hyperalgesia in Merkel cell-deficient male and female mice in the SNI model. A-C, Time course of thermal sensitivity after SNI on ipsi-

lateral (A, Cohort 1), ipsilateral (B, Cohort 2), and ipsilateral (€, Cohort 3) sural nerve-innervated hind paw skin of K147 -Aton 7™ and (re-negative Atoh 1™ control male

mice. D—F, Time course of thermal sensitivity after SNI on ipsilateral (D, Cohort 1), ipsilateral (

E, Cohort 2), and ipsilateral (F, Cohort 3) sural nerve-innervated hind paw skin in

K147 :Atoh 1" and (re-negative Atoh 7™ control female mice. Data are mean = SEM. Two-way ANOVA with p value from overall comparison between genotypes over time

shown at top and number of mice in parentheses.

hairy skin innervated by the spared sural nerve, but no such dif-
ference was observed in Cohorts 3 or 4 (Fig. 7A,C,E,G). In the
glabrous skin, K14“**;Atoh™ mice showed a reduction in
dynamic allodynia in Cohorts 1 and 2 but not in Cohort 3 (Fig.
7B,D,F). Dynamic allodynia was not assayed in the glabrous skin
of Cohort 4. In addition, we merged the data for the cohorts
assayed by the same investigator (Extended Data Fig. 7-1A-E)
and the data for all four cohorts (Extended Data Fig. 7-1F-]).
Both of these aggregate analyses revealed not only a significant
reduction in punctate and dynamic mechanosensitivity after
SNI, but also a decrease in baseline punctate mechanosensitivity
in K14°*;Atoh " mice. To exclude the possible contribution
of genetic background to our KO findings, we crossed K14<"*;
Atoh " mice one generation against WT C57BL/6] mice to
omit one of the Atoh 1" alleles, and then intercrossed the resulting
animals to produce K14“**;Atoh1™’" mice and Cre-negative
Atoh1™™" controls. Examination of both punctate and
dynamic mechanosensitivity in these mice before and after
SNI revealed no differences between genotypes (Extended
Data Fig. 7-2A-E), arguing against genetic background as a
cause of the findings in the Merkel cell KO mice. In addi-
tion, the fact that Cohort 4 of the Merkel cell-deficient mice
was generated and assayed after the assay of K14™%;
Atoh1™’* mice indicates that genetic drift in our colony
could not explain the difference in punctate allodynia phe-
notype between these two lines. In contrast to the mechano-
sensory phenotype, we observed no significant differences
in thermal hyperalgesia between male K14"";Atoh1/""

mice and Atoh """ controls after SNI in any of the three
cohorts tested (Fig. 8A-C). Together, these findings provide
evidence for a consistent deficit in nerve injury-induced
behavioral hypersensitivity to low-intensity punctate me-
chanical stimulation in Merkel cell-deficient mice, with
additional possible but inconsistent defects in baseline
mechanosensitivity and dynamic allodynia-like behavior.

Influence of Merkel cell absence on mechanical allodynia is
sex-dependent

Sex differences have been reported in many chronic pain condi-
tions, including neuropathic pain (Smith et al., 2006; Torrance et
al., 2006; Bouhassira et al., 2008; Hurley and Adams, 2008;
Fillingim et al, 2009; Sorge et al., 2015; Taves et al, 2016;
Mapplebeck et al., 2018). Therefore, we also examined pain behav-
iors in Merkel cell-deficient female mice. Because of variable avail-
ability of experimental animals of a given sex, assays on male
versus female cohorts were asynchronous but interdigitated. As
with male mice, Cohorts 1, 2, and 4 were assayed by one investiga-
tor and Cohort 3 by another investigator. In all four cohorts,
K14“°*;Atoh ™" female mice displayed no significant difference
in punctate allodynia, compared with control mice (Fig. 9),
although a trend toward reduction was observed in Cohort 1 (Fig.
9A-C). Similarly, we observed no significant difference in dynamic
allodynia in hairy or glabrous skin between genotypes (Fig. 10).
Furthermore, no significant difference was observed when data
were merged for the three cohorts (1, 2, and 4) assayed by the
same investigator (Extended Data Fig. 10-1A-E) or for all four
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Figure 9.

Nerve injury induced punctate mechanical allodynia in Merkel cell-deficient female mice in the SNI model. A-L, Punctate mechanical sensitivity measured across

forces in the ipsilateral sural nerve-innervated hind paw skin at baseline (4,D,G,J) and 28 d (B,E,H,K) after SNI and time course of hind paw sensitivity to 0.02 g (C,F,/,L) von
Frey filaments in K14 Atoh 1™ and (Cre-negative Atoh1™" control female mice. A-C, Cohort 1. D-F, Cohort 2. G-I, Cohort 3. J-L, Cohort 4. Data are mean *+ SEM. Two-
way ANOVA with p value from overall comparison between genotypes over time or force shown at top and number of mice in parentheses.

cohorts (Extended Data Fig. 10-1F-]). We also observed no sig-
nificant differences in thermal hyperalgesia between
K14°*;Atoh " and control females (Fig. 8D-F). These
results suggest that the contribution of Merkel cells to nerve
injury induced mechanical allodynia is confined to male
mice.

Merkel cell density and mechanical sensitivity in a tibial
sparing nerve injury model

A previous study in rats showed that, in an SNI model variant
where the tibial nerve instead of the sural nerve is spared (SNIt),
strong mechanical hypersensitivity was observed in the middle of
the paw, and this was accompanied by increased Merkel cell
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Figure 10.  Nerve injury induced dynamic mechanical allodynia in Merkel cell-deficient female mice in the SNI model.

A-G, Time course of brush-evoked dynamic mechanical sensitivity, after SNI, in the ipsilateral sural nerve-innervated gla-
brous (B,D,F) and neighboring hairy (4,CE,G) skin of K74°* ;Atoh1™" and control female mice. 4, B, Cohort 1. €, D,
Cohort 2. E, F, Cohort 3. G, Cohort 4. Data are mean =+ SEM. Two-way ANOVA with p value from overall comparison
between genotypes over time or force shown at top and number of mice in parentheses. Extended Data Figure 10-1

supports Figure 10.

density in the first foot pad, which is innervated by the spared

tibial nerve (Ko et al., 2016). However, other investigators have
reported variable levels of behavioral hypersensitivity when this
model was performed on mice (Shields et al., 2003; Bourquin et
al., 2006). To explore this issue further, we performed the same
set of behavioral tests on K14<™*;Atoh " mice and Cre-nega-
tive controls before and up to 14 d after SNIt. Punctate mechani-
cal sensitivity was tested in the hairy plantar area between the
foot pads (Fig. 11A) using von Frey filaments. In contrast to our
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findings in the mouse sural-sparing SNI
model, and in contrast to the reported ro-
bust effect reported in rats, SNIt produced
only a slightly leftward shift in the force-
response profile in both K14“*;Atoh ™"
male mice and Cre-negative controls (Fig.
11B,C). The small amount of sensitization
observed was most evident in the middle
forces (Fig. 11D,E) instead of the weakest
forces, where the largest effects were seen in
the sural sparing model. No significant dif-
ference in punctate mechanosensitivity was
seen between K14“"";Atoh™" male mice
and Cre-negative controls over the postsur-
gical time course (Fig. 11B-E), and no differ-
ence between the genotypes was observed in
dynamic mechanosensitivity or thermal sen-
sitivity (Fig. 11F,G). Interestingly, in con-
trast to the rat study, Merkel cell density,
assayed in the nondenervated first foot pad,
did not increase in mice subjected to SNIt
(Fig. 11H,I). These findings, together with
the lack of Merkel cell density increase in
the spared sural area after SNI, support the
idea that, at least in mice, increased Merkel
cell abundance is not required for allodynia.

Discussion

Merkel cells have been studied mostly in
hairy skin and foot pads, although Merkel
cells that disappear by 6 weeks of age have
been reported in glabrous skin outside of
foot pads (Nurse and Diamond, 1984;
Nurse et al., 1984a,b; Mills et al., 1989; Li et
al,, 2011; Doucet et al, 2013; Feng et al.,
2018). In adult mouse, we observed Merkel
cells in hind paw foot pads, dorsolateral paw
skin hair follicles, non-foot pad glabrous
skin, and a recently described population of
hair follicles in plantar hind paw skin
(Walcher et al.,, 2018). These follicles had
been suggested to receive predominant
innervation from A&-LTMRs, plus neurons
with circumferential endings (Walcher et
al., 2018). Together with Merkel cells in
these follicles, we observed closely associ-
ated nerve terminals of the TrkC lineage,
and speculate that these include AB SAI
LTMREs.

Following SNI surgery, we observed a
loss of Merkel cells from denervated gla-
brous skin. Studies in rat and cat touch
dome and paw hairy skin revealed long-last-
ing Merkel cell loss following cutaneous
nerve transection (English et al, 1983;

Nurse et al., 1984a,b; Mills et al., 1989). In mouse hairy skin, de-
nervation was also shown to produce slow-onset loss of Merkel
cells (Xiao et al., 2015). Our data suggest that, in mouse glabrous
skin, persistent innervation is also required for Merkel cell
maintenance.

Rats undergoing SNIt surgery exhibited increased Merkel cell
density in tibial nerve-innervated foot pads (Ko et al., 2016).
Increased Merkel cell density has also been observed following
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Figure 11.

Mechanical sensitivity and Merkel cell density in the spared territory of male mice in the SNIt model. 4, Right, Schematic diagram of SNIt injury model, showing the three

branches of the sciatic nerve (common peroneal, tibial, and sural). Left, Area tested in behavioral assays shown in blue. Arrow indicates first foot pad. B—E, Punctate mechanical sensitivity
measured across forces in the ipsilateral tibial nerve-innervated hind paw skin at baseline (B) and 14 d after SNIt (€) and time course of hind paw sensitivity to 0.02 g (D) and 0.16 g (E) von
Frey filaments in K’ 14** ;Atoh 1" and (re-negative Atoh™" control male mice in the SNIt model. F, Time course of brush-evoked dynamic mechanical sensitivity in the ipsilateral tibial nerve-
innervated plantar hind paw skin in K747 ;Atoh 7" and Cre-negative control male mice in the SNIt model. G, Time course of thermal sensitivity in the ipsilateral tibial nerve-innervated plan-
tar hind paw skin in K747 Aton 7" and Cre-neqative Atoh1™" control male mice in the SNIt model. B-G, Data are mean = SEM. p value for overall comparison between genotypes over
time or force using two-way ANOVA shown at the top and number of mice in parentheses. H, Whole-mount immunostaining for K8 (green), K17 (blue), and NF200 (red) in the contralateral
and ipsilateral first foot pad at 14 d after SNIt. Scale bar, 100 pum. /, Quantification of Merkel cell density in contralateral (green) and ipsilateral (magenta) first foot pad. Data are mean =

SEM. p value from paired Student’s ¢ test shown at the top. n=5 mice.

repetitive skin shaving (Wright et al, 2017) and in the painful
skin disorder pachyonychia congenita (Pan et al.,, 2016). In the
mouse sural sparing SNI model, we observed no significant dif-
ference in Merkel cell density in spared hairy skin 56d after
injury when comparing ipsilateral versus contralateral paws or
when comparing age-matched naive versus SNI mice. In the
SNIt model, we also observed no change in Merkel cell density in
spared territory foot pads. Thus, in mouse, increased Merkel cell
density in spared territories is not an obligate consequence of
nerve injury or prerequisite for allodynia.

In humans, myelinated touch-sensitive afferents have been
implicated in stroking allodynia (Campbell et al., 1988; Ochs et

al., 1989; Koltzenburg et al.,, 1994). Animal studies have sup-
ported the contribution of A afferents to neuropathic mechani-
cal allodynia (Garrison et al., 2012; Zhu and Henry, 2012; Boada
et al,, 2015; Xu et al., 2015; Dhandapani et al., 2018). There is
some evidence that A6 and/or AB-RA LTMRs contribute to
mechanical allodynia (Xu et al.,, 2015; Dhandapani et al., 2018).
However, assignment of the specific A fiber classes involved in
mechanical allodynia is incomplete.

The Merkel cell-AB afferent complex is a well-established
mechanosensory structure. Yet, its contributions to pain remain
unresolved. Behavioral withdrawal responses to weak innocuous

mechanical stimuli were shown to be diminished in K144
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Piezo2™" mice, in which cells of epidermal origin, including
Merkel cells, lack Piezo2 (Woo et al., 2014). Evidence for partici-
pation of Merkel cells in mechanical hypersensitivity following
capsaicin injection has come from a study in which Piezo2
expression was knocked down in whisker pad Merkel cells
(Tkeda et al., 2014). In a model of sickle cell anemia, mice exhibit-
ing dynamic allodynia showed increased SAI firing (Garrison et
al., 2012). Another study showed that, in a similar model of
Merkel cell deficiency (K557 Atoh P, no deficits were observed
in baseline punctate mechanosensitivity (Neubarth et al., 2020).
However, whether Merkel cells and/or A8 SAI LTMRs contrib-
ute to neuropathic pain has not been previously addressed.

In our experiments, male but not female Merkel cell KO mice
exhibited a slight reduction in baseline paw withdrawal behavior
to mechanical stimuli in two of four cohorts examined over sev-
eral years, and this difference remained significant when ana-
lyzed across all cohorts. Following SNI surgery, we observed a
reduction, but not elimination, of punctate mechanical hypersen-
sitivity after nerve injury in male mice lacking Merkel cells in all
four cohorts, a reduction corroborated by pooled analysis of all
cohorts. This finding is consistent with a decrease in touch-
evoked allodynia. Moreover, our K14“%Atohl™'" data argue
that genetic background is not the basis of this phenotype. We
also observed significantly reduced dynamic allodynia in hairy
skin in two of four cohorts of male Merkel cell KOs and in gla-
brous skin in two of three cohorts of male KOs, and these
decreases persisted in the pooled cohort analysis. The variable
consequences of Merkel cell KO on baseline punctate mechano-
sensitivity and dynamic allodynia among cohorts might be at-
tributable to a borderline phenotype, differences in technique
between individual investigators and/or inherent behavioral dif-
ferences between cohorts. Collectively, our results suggest that
intact Merkel cell-AS afferent signaling is rate-limiting for the
full extent of punctate mechanical allodynia after sural-sparing
nerve injury, and that there is a less conclusive possible contribu-
tion to basal mechanosensitivity and dynamic allodynia, with no
apparent contribution to heat hyperalgesia. In the SNIt model,
we observed no significant impact of Merkel cell deletion on me-
chanical sensitivity. However, the small extent of hypersensitivity
in mice replete for Merkel cells in this model resulted in a re-
stricted dynamic range in which to observe any such differences.
It remains to be determined whether mechanical allodynia
caused by other nerve injury models or inflammation is also
influenced by Merkel cell KO.

One limitation of our study is that Merkel cells were absent
throughout the lifetime of mice, altering the molecular pheno-
type of SAI neurons. We therefore cannot distinguish between a
requirement for Merkel cells, per se, versus a requirement for
normally developed SAI neurons. Furthermore, the density of
Merkel cells in the glabrous skin sural territory, where our punc-
tate stimuli were applied, is low, making Merkel cells in this terri-
tory questionable mediators of allodynia in the SNI model. One
possible explanation for this paradox is that hairy skin Merkel
cells and SAI neurons are being stimulated by filament applica-
tion to closely juxtaposed glabrous skin, at least in the setting of
hypersensitivity. Indeed, the inconsistent effects of Merkel cell
KO on dynamic allodynia might be attributable to small but vari-
able degrees of skin indentation in the hairy territory during
dynamic skin brushing. We also cannot exclude the possibilities
that abnormally developed SAI neurons in Merkel cell KOs ex-
hibit an altered response to injury or that Merkel cells themselves
might release signals that sensitize other cell types following
nerve injury. It is also possible that Afohl KO in other cell types,
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such as keratinocytes, contribute to the observed phenotypes.
Physiologic and molecular studies could distinguish among these
possibilities. Additionally, our experiments would be comple-
mented by the selective silencing of SAI neurons or examination
of neuropathic pain in mice in which Merkel cell signaling is
selectively compromised by Piezo2 KO.

One unexpected finding of our study was that the impact of
Merkel cell KO on nerve injury-induced mechanical allodynia
was confined to males. Sex differences in chronic pain, including
neuropathic pain, are well documented in humans and animal
studies (Smith et al., 2006; Torrance et al., 2006; Bouhassira et al.,
2008; Hurley and Adams, 2008; Fillingim et al., 2009; Sorge et al.,
2015; Taves et al., 2016; Mapplebeck et al., 2018). We did not
control for reproductive cycle in our female mice and thus can-
not draw conclusions on this variable. Electrophysiological stud-
ies performed on both sexes did not indicate whether there were
differences in Merkel cell-AB afferent signaling (Maksimovic et
al.,, 2014) and a prior comparison revealed no difference in the
total number of Merkel cells per paw between male and female
mice (Maricich et al., 2012). In the present study, we observed a
slightly lower Merkel cell density in the glabrous skin of naive
male versus female mice that was not statistically replicated in a
comparison of contralateral paws at day 28 after injury.
However, even if this difference is real, its magnitude seems too
small to explain our findings. Moreover, nerve injury-induced
changes in Merkel cell density were similar between males and
females. Ours is not the first study to report potential sex differ-
ences related to Merkel cell function. One previous study used a
texture discrimination task in which female WT C57 mice pre-
ferred rough surfaces over smooth surfaces, whereas males
showed no such preference (Maricich et al., 2012). In that study,
Merkel cell KO eliminated the female preference for rough surfa-
ces. Our findings suggest that male and female mice use input
from SAI neurons differently in the setting of allodynia, and that
this difference is unmasked under conditions of Merkel cell dis-
ruption. Additional studies will be required to determine
whether these observations reflect sex differences in inputs from
Merkel cell-AB afferent complexes to specific populations of
CNS neurons or in the impact of nerve injury on Merkel cell or
SAI mechanosensory responsiveness. It should also be explored
whether the Merkel cell-AB afferent complexes play a dispro-
portionate role in injury induced activation of spinal microglia
or release of inflammatory mediators, phenomena that differ in
male versus female mice (Loram et al., 2012; Sorge et al., 2015;
Mapplebeck et al., 2016; Yu et al., 2020).
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