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Development/Plasticity/Repair

Runx1 Controls Terminal Morphology and
Mechanosensitivity of VGLUT3-expressing
C-Mechanoreceptors

Shan Lou,'* Bo Duan,'* Linh Vong,?> Bradford B. Lowell,> and Qiufu Ma!
'Dana-Farber Cancer Institute and Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115, and 2Division of Endocrinology,
Department of Medicine, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, Massachusetts 02215

VGLUT3-expressing unmyelinated low-threshold mechanoreceptors (C-LTMRs) are proposed to mediate pleasant touch and/or pain,
but the molecular programs controlling C-LTMR development are unknown. Here, we performed genetic fate mapping, showing that
VGLUT3 lineage sensory neurons are divided into two groups, based on transient or persistent VGLUT3 expression. VGLUT3-transient
neurons are large- or medium-diameter myelinated mechanoreceptors that form the Merkel cell-neurite complex. VGLUT3-persistent
neurons are small-diameter unmyelinated neurons that are further divided into two subtypes: (1) tyrosine hydroxylase (TH)-positive
C-LTMRs that form the longitudinal lanceolate endings around hairs, and (2) TH-negative neurons that form epidermal-free nerve
endings. We then found that VGLUT3-persistent neurons express the runt domain transcription factor Runx1. Analyses of mice with a
conditional knock-out of Runx1 in VGLUT3 lineage neurons demonstrate that Runx1 is pivotal to the development of VGLUT3-persistent
neurons, such as the expression of VGLUT3 and TH and the formation of the longitudinal lanceolate endings. Furthermore, Runx1 is
required to establish mechanosensitivity in C-LTMRs, by controlling the expression of the mechanically gated ion channel Piezo2.
Surprisingly, both acute and chronic mechanical pain was largely unaffected in these RunxI mutants. These findings appear to argue
against the recently proposed role of VGLUT3 in C-LTMRs in mediating mechanical hypersensitivity induced by nerve injury or inflam-
mation. Thus, our studies provide new insight into the genetic program controlling C-LTMR development and call for a revisit for the

physiological functions of C-LTMRs.

Introduction

Unmyelinated low threshold mechanoreceptors (C-LTMRs)
were first discovered by Zotterman (1939) in cats over 70 years
ago, and were subsequently found in all tested mammals, includ-
ing humans (Bjornsdotter et al., 2010; Olausson et al., 2010).
Zotterman initially proposed that C-LTMRs might be involved
with ticklish sensation (Zotterman, 1939). More recent studies in
humans suggested that C-LTMRs signal pleasant touch associ-
ated with affiliative social body contact (Loken et al., 2009; Bjorn-
sdotter et al., 2010; Olausson et al., 2010). In mice, C-LTMRs in
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the dorsal root ganglia (DRGs) are marked by the expression of
VGLUTS3, a vesicular glutamate transporter (Seal et al., 2009),
and by the expression of the tyrosine hydroxylase (TH) (Li et al.,
2011). The TH ™ subset of C-LTMRs form longitudinal lanceo-
late endings around hairs (Li et al., 2011). Mice lacking VGLUT3
showed marked deficits in mechanical allodynia (pain evoked by
innocuous mechanical stimuli) induced by inflammation, tissue
injury, chemicals (capsaicin), and nerve injury (Seal et al., 2009).
Based on these behavioral phenotypes, C-LTMRs were proposed
to mediate mechanical pain under pathological conditions (Seal
et al., 2009). However, this interpretation is complicated by
VGLUTS3 expression in many parts of the nervous system in ad-
dition to C-LTMRs (Fremeau et al., 2004; El Mestikawy et al.,
2011).

In recent years, a number of transcription factors have been
identified that control the development of myelinated low
threshold mechanoreceptors, including the formation of special-
ized mechanoreceptor nerve endings and end organs (Arber et
al., 2000; Inoue et al., 2002; Kucera et al., 2002; Levanon et al.,
2002; Sedy et al., 2006; Senzaki et al., 2010; Abdo et al., 2011; Scott
et al., 2011; Wende et al., 2012). However, the genetic program
controlling C-LTMR development is entirely unknown. The runt
domain transcription factor Runx1 is known to play a pivotal role
in controlling the development of a diverse array of unmyelinated
sensory neurons, such as pain-related nociceptors, itch-related
pruriceptors, and thermoceptors (Liu and Ma, 2011; Lallemend
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and Ernfors, 2012). Runxl is initially expressed in most embry-
onic neurons marked by the expression of the nerve growth factor
receptor TrkA (Levanon et al., 2002; Theriault et al., 2005; Chen
et al., 2006; Kramer et al., 2006; Marmigere et al., 2006; Yo-
shikawa et al., 2007). In adult mice, persistent Runx1 expression
is confined to those sensory neurons that have switched off TrkA
and activated the expression of the Ret receptor tyrosine kinase
(Chenetal., 2006; Kramer et al., 2006). Since C-LTMRs belong to
the unmyelinated sensory neuron population, we hypothesized
that the development of C-LTMRs is also Runx1 dependent.
Here, we demonstrate that Runxl indeed coordinates C-LTMR
development. Furthermore, by creating mice with selective de-
fects in C-LTMRs, we were able to reassess the physiological func-
tions of C-LTMRs.

Materials and Methods

Animals. The generation of mice carrying the floxed RunxI allele and
ROSA26-CAG-LSTOPL-tdTomato reporter mice have been described
previously (Growney et al., 2005; Madisen et al., 2010). The generation of
Vglut3-Cre mice is described elsewhere by L. Vong and B. Lowell, unpub-
lished observations. Both males and females were used. For histochemi-
cal studies, 2-3 pairs of control and mutant mice of 1-2 month old were
used. For each behavioral analysis, 6—10 pairs of two-month-old mutant
and control littermates were used. Animals were assigned in treatment
groups in a blinded fashion and pain response was measured in a blinded
manner. All behavioral test protocols were approved by the Institutional
Animal Care and Use Committee at Dana-Farber Cancer Institute.

In situ hybridization and immunohistochemistry. In situ hybridization
procedures (ISH) have been described previously (Chen et al., 2006; Liu
etal., 2010). Antisense Piezo2 probe (928 bp), VGLUT3 probe (764 bp),
and TH probe (952 bp) were amplified from cDNA prepared from adult
DRGs, and labeled with digoxigenin (Roche Diagnostics). Immunohis-
tochemistry on DRG sections was performed using rabbit anti-NF200
(1/500, Millipore), diluted in 0.1% of Triton X-100 plus 10% of goat
serum in PBS. The ISH/Tomato double staining was performed as pre-
viously described (Liu et al., 2010); the Tomato fluorescent signal was
first photographed, followed by ISH. The pseudo fluorescent ISH signals
(for VGLUTS3, TH, and Piezo2) were converted from bright field images
and then merged onto the Tomato images. For skin Tomato/immuno-
histochemistry (IHC) double staining, rabbit anti-NF200 (1/500, Milli-
pore), rabbit anti-VGLUT3 (1/100, Sys), mouse anti CK20 (1/20,
Abcam), and rabbitanti-S100 (1/400, Dako) were used. Different parts of
skin (glabrous hindpaw and hairy back skin) were dissected in Zamboni’s
fixation solution, cryoprotected, and embedded in OCT compound.
Frozen sections (30 wm thick) were cut, washed with PBS, and made
into floating sections. The floating sections were washed with PBS,
blocked with 10% goat serum, and incubated with various antibodies
overnight at 4°C. Following incubation with the primary antibodies,
sections were washed and incubated with the appropriate secondary
antibodies.

Cell and innervation quantification. Lumbar DRGs from mutant and
control mice were dissected. For each marker, 3—6 pairs of mutant and
control DRGs from different mice were used and six adjacent sections at
14 wm thickness were prepared from each DRG. Each set was processed
for immunostaining or used for ISH with the marker of interest, and
positive cells with nuclei were counted. For the innervation quantifica-
tion, 1.5 X 1.5 cm? back skin from three mutant and five control mice
were collected. Back skins were fixed in 4% PFA, cryoprotected in 20%
sucrose, embedded in OCT, and cut into 30-um-thick sections. Approx-
imately 50 visual fields from 20X Zeiss fluorescence microscope were
randomly chosen from each animal, and the number of hair follicles in
the visual field, the number of hair follicles that are innervated by fluo-
rescent fibers, and the number of fluorescent fibers that are clearly lon-
gitudinal or circumferential lanceolate endings were documented for
statistics analyses.

DRG neuron culture and RNAi. Mice at P14-P16 were killed by CO,
inhalation and DRGs from T10-L6 were collected in Ca*" and Mg?"-
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free HBSS. DRGs were subsequently treated with papain (1.5 mg/ml,
Roche) and collagenase/dispase (1 mg/ml, Roche) for 15 and 20 min,
respectively, at 37°C. Digested DRGs were washed twice with growth
medium (DMEM-F12, Invitrogen) supplemented with GlutaMAX (In-
vitrogen) and 10% fetal bovine serum (HyClone), triturated using fire-
polished Pasteur pipettes, and plated in a droplet of growth medium on a
glass coverslip precoated with poly-p-lysine (20 ug/ml, Sigma) and
laminin (20 pg/ml, Sigma). To allow neurons to adhere, coverslips were
kept for 2 h at 37°C in a humidified 5% incubator before being flooded
with fresh growth medium. To increase the survival of DRG neurons,
recombinant human GDNF (2 ng/ml, R&D Systems) was added in the
growth medium. Cultures were used for patch-clamp experiments on the
next day.

Small interference RNA-mediated knockdown of Piezo2 was achieved
by electroporation of a pool of four different siRNA (250 num totally)
purchased from Qiagen (target sequences: GAATGTAATTGGACAGCG
A, TCATGAAGGTGCTGGGTAA, GATTATCCATGGAGATTTA, GA
AGAAAGGCATGAGGTAA) into freshly dissociated DRG neurons
using the nucleofector kit with the nucleofector type II device (DRG,
0-003 program; Lonza) based on the previous study (Coste et al., 2010).
A scrambled siRNA (250 nm, Qiagen) was transfected as control. To test
the efficiency of electroporation, a 3’ -Alexa Fluor 488-conjugated scram-
ble siRNA (5 nm, Qiagen) was co-transfected. Further patch-clamp ex-
periments were performed at 48—72 h after electroporation.

Electrophysiology. The electrophysiological recordings were performed
in the conventional whole-cell patch recording configuration under
voltage-clamp condition. Membrane currents were measured using Ax-
oclamp 200B with Digidata 1320A and the pClamp 9 software (Molecu-
lar Devices). Patch pipettes (3—4 M()) were filled with the following (in
mm): 140 KCl, 1 CaCl,, 2 MgCl,, 10 EGTA, 2 MgATP, and 10 HEPES, pH
7.2. The standard extracellular solution contained the following (in mm):
150 NaCl, 5 KCl, 1 MgCl,, 2 CaCl,, 10 glucose, and 10 HEPES, pH7.4.
The membrane potential was voltage clamped at —60 mV throughout
the experiments under voltage-clamp conditions. All experiments were
performed at room temperature (22-25°C).

Mechanical stimulation. For whole-cell recordings, mechanical stimu-
lation was achieved using a fire-polished glass pipette (tip diameter, ~2
um) positioned at an angle of 40° to the surface of the dish. Downward
movement of the probe toward the cell was driven by a Clampex-
controlled piezoelectric stimulator (Corey and Hudspeth, 1980; Hao and
Delmas, 2011). The stimulus was applied for 100 ms. To assess the me-
chanical sensitivity of a cell, a series of mechanical steps in 2 um incre-
ments was applied every 20 s, which allowed full recovery of
mechanosensitive currents. For recordings of mechanically evoked cur-
rents in DRG neurons, the inactivation kinetics of traces of currents
reaching atleast 75% of the maximal amplitude of current elicited per cell
were fitted with mono- or bi- (if mono-exponential function cannot fit
well) exponential functions (Drew et al., 2004) and classified as rapidly
adapting-, mixed adapting-, and slowly adapting-type currents accord-
ing to their inactivation time constant.

Capsaicin-induced acute pain and secondary hyperalgesia. For the gla-
brous skin, capsaicin (3 ug/10 ul, Tocris Bioscience) was injected into the
plantar of the hindpaw and the amount of time licking the hindpaw was
determined in a 5 min period after injection. To measure secondary
hyperalgesia, mechanical thresholds in response to von Frey filaments
were determined at regions adjacent to the injection site 0, 15, 30, and 60
min after injection.

To examine mechanical hyperalgesia induced by capsaicin in the hairy
skin, capsaicin (3 ug/5 ul) was injected into the central site of the dorsal
hindpaw and mechanical thresholds in response to von Frey filaments
were determined at regions adjacent to the injection site.

Neuropathic pain (spared nerve injury). Unilateral spared nerve injury
was done by exposing the sciatic nerve in the thigh region of the adult
mouse (2 months), cutting and ligating the tibial and common peroneal
nerves, and leaving the remaining sural nerve intact (Decosterd and
Woolf, 2000). Animals were subjected to testing at 3—15 d after lesion, in
the plantar region of the left hind foot that was innervated by the sural
nerve.
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Inflammatory pain. We injected 20 ul of carrageenan (1%, Sigma) or
complete Freund’s adjuvant (CFA, Sigma) into the plantar surface of the
hindpaw to induce inflammatory pain. Both mechanical threshold and
radiant heat sensitivity were measured 2-24 h after carrageenan treat-
ment and 3 d after CFA treatment, respectively.

Pain behavioral test. All animals were acclimatized to the behavioral
testing apparatus on three to five “habituation” sessions. After habitua-
tion, baseline measures were recorded on two consecutive days for each
of the behavioral tests before the surgery or chemical injection. After
surgical procedures or chemical compound injections, the behavioral
tests were performed at defined intervals (see Fig. 7). The experimenter
was blinded to the genotype of the animals. For tests using the Randall-
Selitto device (IITC), mice were placed in a restraining plastic tube and
allowed 5 min to acclimatize. Slowly ascending pressure was then applied
to a point midway along the tail until the animal showed a clear sign of
discomfort or tried to escape, and this pressure was taken as the pain
threshold. For the von Frey test, we placed the animals on an elevated
wire grid and the lateral plantar surface of the hindpaw was stimu-
lated with calibrated von Frey monofilaments (0.008-1.4 g). The 50%
paw withdrawal threshold for the von Frey assay was determined using
Dixon’s up-down method (Chaplan et al., 1994). To measure radiant
heat pain, animals were put in plastic boxes and the plantar paw surface
was exposed to abeam of radiant heat (IITC) according to the Hargreaves
method (Hargreaves et al., 1988). Paw withdrawal latency was then re-
corded (beam intensity was adjusted to result in a latency of 8—12 s for
control animals baselines). The heat stimulation was repeated five times
atan interval of 10 min for each animal and the mean calculated. A cutoff
time of 30 s was set to prevent tissue damage.

Statistics. Results are expressed as =SEM. For acute pain, capsaicin-
induced licking behavior and CFA-induced inflammatory pain, data
were subjected to the Student’s ¢ test. For capsaicin-induced secondary
hyperalgesia, carrageenan-induced inflammatory and spared nerve in-
jury (SNI)-induced neuropathic pain, time course measurements were
analyzed by both ANOVAs between groups, with p < 0.05 accepted as
statistically significant.

Results

Genetic marking of VGLUT?3 lineage sensory neurons

To mark VGLUTS3 lineage DRG neurons, we crossed Vglut3-Cre
mice, in which an IRES-Cre cassette was inserted into the 3’ end
of the Vglut3 locus, with ROSA26-CAG-LSL-tdTomato reporter
mice (Madisen et al., 2010), with the resulting double heterozy-
gous mice referred to as ROSA™"™*/*;Vglut3“"* mice (Fig.
1A). In ROSA™*""*:Velut3““* mice, VGLUT3 lineage neu-
rons are permanently marked by red fluorescent Tomato expres-
sion, regardless of persistent or transient VGLUT3 expression.
We found that 18.9% (674/3574) of adult lumbar DRG neurons,
visualized with the expression of the pan neuronal marker
SCG10, were Tomato-positive (data not shown). All neurons
with detectable VGLUT3 mRNA coexpressed Tomato (Fig. 1 B),
suggesting that VGLUT3-Cre faithfully marks VGLUT3-
expressing (VGLUT3 *) sensory neurons in the DRG. However,
we did note that only 85.4% of Tomato * neurons showed detect-
able VGLUT3 mRNA (Fig. 1B, arrow). VGLUT3-positive To-
mato " neurons belong predominantly to small-diameter DRG
neurons (Fig. 1B, arrow), whereas the remaining 14.6% of
VGLUT3-negative Tomato " neurons represent medium- (Fig.
1 B, arrowhead) or large- (Fig. 1 B, dashed circle) diameter neu-
rons. At P0.5, some large neurons did show detectable VGLUT3
expression (Fig. 1C, dashed circle), indicating that adult
VGLUT3-negative Tomato ™ neurons represent neurons with
transient VGLUT3 expression. It should also be noted that at
P0.5, Tomato expression had not yet been established in some
neurons with detectable VGLUT3 mRNA (Fig. 1C, arrow-
head), suggesting that VGLUT3 expression was initiated at
prenatal or neonatal stages. Thus, adult Tomato ™ neurons are
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divided into two groups: small VGLUT3-persistent versus
large/medium VGLUT3-transient.

VGLUT3-persistent neurons are unmyelinated (Seal et al.,
2009). Consistently, NF200, a marker for myelinated DRG
neurons, was not expressed in small Tomato * neurons (Fig.
1D, arrows). In contrast, NF200 expression was detected in
medium/large Tomato * neurons (Fig. 1 D, arrowheads and dashed
circles). Thus, VGLUT3-persistent and VGLUT3-transient To-
mato " neurons represent unmyelinated and myelinated neurons,
respectively.

A subset of VGLUT3-persistent neurons can also be marked
by the expression of TH, and electrophysiological recording
shows that they represent C-LTMRs (Seal et al., 2009; Li et al.,
2011). We found that in adult lumbar DRG of ROSATo™at/ ™,
Vglut3“"* mice, TH mRNA was detected in 57.9% of small
diameter Tomato © neurons (Fig. 1F, arrow). Thus, VGLUT3-
persistent neurons (representing 85.4% of total Tomato * neu-
rons) are divided into TH ™ C-LTMRs (~58%) and TH-negative
(TH ™) neurons (~27%).

Thus, the genetic fate mapping experiments reveal four
subsets of VGLUT3 lineage neurons in DRG (Fig. 1F):
medium- and large-diameter subsets of VGLUT3-transient
myelinated A-mechanoreceptors (for mechanosensitivity, see
below), TH* VGLUT3-persistent C-LTMRs, and TH™
VGLUT3-persistent neurons.

Skin innervations by VGLUT3 lineage sensory neurons

To examine peripheral innervations, we took advantage of
ROSAT™a0"™* - alyt3“*/* mice, in which Tomato expression can
be used to directly visualize axonal endings. From transverse sec-
tions through hairy back skin, we sampled 266 hair follicles from
five different mice and found that Tomato * fibers innervated
64.2% (171/266) of these hair follicles (Fig. 2A, arrow). The ac-
tual percentage of hairs with Tomato * fibers is likely higher since
transverse sections may cut through parts of the hairs that do not
contain Tomato * fibers. Most of these Tomato " fibers form
longitudinal lanceolate endings (Fig. 2A,B). A double staining
with NF200, a marker for myelinated fibers, showed that these
Tomato * lanceolate endings were NF200-negative (Fig. 2A,B,
arrows), and were wrapped with NF200 * circumferential end-
ings (Fig. 2A, arrowheads) and in some cases intertwined with
NF200 * longitudinal lanceolate endings (Fig. 2 B, arrowheads).
These unmyelinated Tomato * lanceolate endings are most likely
derived from the TH ™ subset of VGLUT3-persistent C-LTMRSs,
as reported previously (Li et al., 2011).

We also observed two other types of unmyelinated Tomato *
nerve endings. In the hairy skin, NF200 ~ (thereby unmyelinated)
Tomato *-free nerve endings were observed in the epidermis ad-
jacent to hair follicles (Fig. 2C, arrow). In the glabrous skin, we
observed another type of Tomato ¥ epidermal-free nerve (Fig.
2D, arrow). These fibers entered the epidermis through the der-
mal papillae and extended all the way to the stratum corneum (or
the cornified layer) of skin (Fig. 2 D). Within the dermal papillae,
Tomato " fibers were continuous and sometimes intertwined
with NF200 © Meissner’s corpuscles (Fig. 2 D, arrowhead). How-
ever, in the outer layers of the epidermis, we observed strings of
varicosities (Fig. 2D, arrow). The resolution of our microscope
failed to distinguish whether these varicosities were linked with
nerve segments, or represented fibers dying back from the corni-
fied layer. We referred to these previously un-described nerve
fibers as “Dermal Papillae-Epidermis” or “D.P.E.” nerve endings.
Because TH™ C-LTMRs only innervate hairs (Li et al., 2011),
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Figure 1.  Genetic marking of VGLUT3 lineage sensory neurons. A, Scheme of making ROSA™™ ™, Vglut3“®’* mice. B~E, Double staining of Tomato with VGLUT3 mRNA, NF200
protein, or THmRNA on sections through lumbar DRG of ROSAT™ ™ ; Vglut3“®* mice at indicated ages. B, D, E, Arrow, arrowhead, and dashed circle indicate the small-, medium-, and
large-diameter Tomato ™ neurons, respectively. €, Arrow and dashed circle indicating small and large Tomato ™ neurons, respectively, with detectable VGLUT3 mRNA. Arrowhead
indicating a neuron with detectable VGLUT3 mRNA, but having not yet turned on Tomato. E, Arrow and arrowhead indicating TH-positive and TH-negative small Tomato ™ cells,
respectively. Dashed circles indicate large TH-negative Tomato * neurons. F, Summary of distinct molecular identities of VGLUT3-persistent versus VGLUT3-transient DRG neurons, based
on data shown here and Figure 3. Scale bars, 50 wm.
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these unmyelinated epidermal nerve end-
ings are most likely derived from the TH ~
subset of VGLUT3-persistent neurons.

VGLUT3-transient A-mechanoreceptors
appear to form Merkel-cell neurite com-
plex. First of all, VGLUTS3 itself was ex-
pressed in Merkel cells, as indicated by the
coexpression of Tomato with the Merkel
cell marker CK20 in the touch dome of the
hairy skin (Fig. 2E, arrowheads). This
VGLUTS3 expression was further confirmed
by immunostaining (see below) and is
consistent with previous reports (Hae-
berle et al., 2004; Nunzi et al., 2004).
Whole-mount preparation of the hairy
skin from ROSA™*"™™*; Velut3“** mice
revealed Tomato * fibers innervating the
touch domes (Fig. 2E, arrow). These To-
mato " fibers were myelinated, as suggested
by the association of $100 " Schwann cells
(Fig. 2 F, arrow) and by the coexpression of
NF200 (data not shown). Thus, these my-
elinated Tomato™ fibers are most likely
derived from medium/large VGLUTS3-
transient A-mechanoreceptors.

To conclude this section of the results,
each type of VGLUT3 lineage neurons has
its specific terminal morphology (summa-
rized in Fig. 2G). TH © VGLUT3-persistent
C-LTMRs form longitudinal lanceolate
endings around hairs. TH™ VGLUT3-
persistent neurons form epidermal-free
nerve endings adjacent to hairs or the D.P.E.
ending passing through the dermal papillae
in the thick glabrous skin. VGLUT3-
transient A-mechanoreceptors form the
Merkel cell-neurite complex.

Runx1 controls VGLUT3 and TH
expression in C-LTMRs
We next asked how C-LTMRs are speci-
fied during development. Runxl1 is a tran-
scriptional factor that coordinates the
development of a large cohort of unmyeli-
nated DRG neurons (Liu and Ma, 2011).
We found that Runxl mRNA was de-
tected in most, if not all, small-diameter
Tomato™ neurons in lumbar DRG of
adult ROSAT™/*: Velyut3<" mice
(Fig. 3A, arrows). In contrast, Runx1 ex-
pression was not detected in medium/
large Tomato™ neurons (Fig. 3A4,
arrowheads and dashed circles). In other
words, Runx1 is associated exclusively
with C-LTMRs within VGLUT3 lineage
DRG neurons (summarized in Fig. 1F).
To determine the role of Runxl in
controlling C-LTMR development, we
crossed Vglut3“™* mice with mice carry-
ing a floxed allele of Runxl (Runx1™™)
(Growney et al., 2005), with the resulting
conditional null mice referred to as
Runx1™F; Vglut3“"*. In these mutants,
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Figure2.  Skininnervations by VGLUT3 lineage sensory neurons. A-D, Double staining of Tomato with NF200 on sections through the
hairy skin (A-C) or the glabrous skin (D). 4, B, Arrow indicating Tomato *; NF200 ~ longitudinal lanceolate endings wrapped by NF200 *
circumferential ending (4, arrowhead) or intertwined with NF200 * longitudinal lanceolate endings (B, arrowhead). €, Arrow indicating
NF200 ~;Tomato *-free nerve endings in the epidermis (epi.) adjacent to a hair (h). D, Arrow indicating a Tomato * fiber passing through
the dermal papillae (d.p.) and then entering the epidermis (epi.) and the stratum corneum (s.c), referred to as the D.P.E ending (summa-
rized in G). Arrowhead in D indicates a NF200 * Meissner’s corpuscle. E, Whole-mount double staining of Tomato with the Merkel cell
marker (K20 within a touch dome around a guard hair. Arowhead indicates Merkel cellsin the touch dome. F, Arrows indicating Tomato *
fibers innervating the touch dome of the hairy skin are wrapped by 5100 ™ Schwann cells (green). G, Schematic summary of nerve endings
from VGLUT3 lineage sensory neurons. F.N., Free nerve endings; L.L.E., longitudinal lanceolate endings; M.C., Merkel cell complex. Red and
blueindicating fibers derived from TH * and TH ~ VGLUT3-persistent neurons, respectively; greenindicates fibers derived from myelinated
VGLUT3-transient mechanoreceptors. Scale bars, 20 pem.
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Runx1 controls VGLUT3 and TH expression in C-LTMRs. 4, Runx1 in situ hybridization on a lumbar DRG section from a ROSA™™ ™ ; Vglut37* ™ mouse. Runx1 mRNA was detected in

small (arrows), but not medium (arrowheads) or large (dashed circles) Tomato * neurons. B, €, Double staining of Tomato with VGLUT3 mRNA (B) or TH mRNA (C) detected by in situ hybridization
on lumbar DRG sections from the ROSAT™/* : Vglut3®* control mice (Ctrl) or Runx1™;ROSAT™ ™/ ; Vglut3“®* mutant mice (CKO). D, Double staining of Tomato with VGLUT3 immunostain-
ing on sections through the thick glabrous skin from Ctrl and CKO mice. Red indicates Merkel cells, and the inserts are the higher magnification of the dashed boxes. E, F, VGLUT3 in situ hybridization
on sections through P7 spinal dorsal horn (E) or the adult dorsal raphe nuclei of the brainstem (F) of the Ctrl and CKO mice. Scale bars, 50 m.

Cre-mediated recombination selectively removed RunxI from
VGLUTS3 lineage sensory neurons. To monitor VGLUT3 lineage
neurons by Tomato expression, we further created mutants car-
rying the ROSA26-CAG-LSTOPL-tdTomato reporter allele, re-
ferred to as RunxI"F;ROSA™™/*;Velut3“*. In  situ
hybridization showed that VGLUT3 mRNA, detected in adult
lumbar DRG from control mice, was not detected in DRGs from
Runx17F;ROSATomate/* Vglut3c“)/+ mice (Fig. 3B). Mutant sen-
sory neurons survived, as indicated by similar percentages of
lumbar DRG neurons that were Tomato " in mutant mice
(20.8%) versus control mice (18.9%). Because Vglut3c”"/+ mice
were used to make Runxl (in other words, Runxl knock-out
occurred after onset of VGLUT3 expression), VGLUT3 expres-
sion was observed in some DRG neurons at P4.5, but not after P7
(data not shown). Thus, Runx1 is required to maintain VGLUT3
expression. TH expression was also eliminated (Fig. 3C; data not
shown), further indicating an impairment of C-LTMRs in
RunxI™";ROSAT*" " ; Valut3“™** mice.

Other than DRG neurons, Runx1 expression is rarely detected
in the nervous system (Levanon et al., 2002; Zagami and Stifani,
2010). Consistently, we have not yet detected a loss of VGLUT3
expression in other neural cells in Runxl knock-outs. First, the
VGLUTS3 protein detected by immunostaining was still present in
CK20 " Merkel cells in the thick glabrous skin of Runx1'’%;
ROSATomato/ . Vglut3c”’/ * mice (Fig. 3D). Second, VGLUTS3 is
expressed transiently in the dorsal spinal cord in wild-type mice,
detectable at P4, and downregulated at P56 (Allen mouse spinal
cord atlas, http://mousespinal.brain-map.org). We found that at
P7, normal VGLUT3 expression was still detected in the dorsal
spinal cord of Runx1"*;ROSA™"*/* ; Vglut3<"" mice (Fig. 3F),
despite that VGLUT3 expression was already lost in lumbar DRG

at this stage (data not shown). Finally, normal VGLUT3 expres-
sion was detected in serotonergic neurons in the adult hindbrain
raphe nuclei (Fig. 3F) and in many other parts of the brain (data
not shown). Thus, in RunxI”F;ROSAT"** ; Vglut3“" mice,
VGLUT3 expression appears to be selectively eliminated in
VGLUT3-expressing DRG neurons.

Runx1 controls the formation of C-LTMRs lanceolate endings
We next examined how peripheral terminal morphologies of
VGLUT3 lineage neurons were affected in Runxl1™%;
ROSA™™ato/* + Yglyt3<* mutant mice, using ROSATo™a"/*;
Vglut3<™’* littermates as the control. A whole-mount view on
the hairy skin showed that in control mice, most Tomato ™ fibers
innervating hair follicles showed clear longitudinal lanceolate
endings (Fig. 4A,B, left column, arrows). In contrast, while To-
mato* fibers in RunxI™";ROSA™"™/*; Vglut3“" mutant
mice still innervated hair follicles, most of them did not form
longitudinal lanceolate endings (Fig. 4A, B, right column), and
instead circumferential Tomato ™ endings were observed (Fig.
4 A, B, right column, arrowheads). Thus, either the loss of longi-
tudinal lanceolate endings unmasks Tomato ™ circumferential
endings, or a transformation from longitudinal to circumferen-
tial endings had occurred (Fig. 4C). A double staining with
NF200 further showed that these Tomato * circumferential end-
ings (Fig. 4 B, small arrowheads) were located ventral to Tomato-
negative NF200 © myelinated circumferential endings (Fig. 4B,
big arrowheads).

In the epidermis around hairs, no obvious reduction of
Tomato " -free nerve endings was observed (data not shown).
The morphology of the unmyelinated D.P.E endings in the thick
glabrous skin was also unchanged (data not shown). Also un-
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changed was the innervation of the touch A
dome by Tomato ™ myelinated mecha-

noreceptors (data not shown), consis-

tent with a lack of Runx1 expression in
VGLUT3-transient A-mechanoreceptors.

Thus, despite Runx1 controlling VGLUT3

expression in both TH" and TH ™ neu-

rons, Runxl is required selectively for

TH* C-LTMRs to form unmyelinated

lanceolate endings.

Runx1 controls mechanosensitivity in
VGLUT3 " neurons

To examine mechanosensitivity, we per-
formed whole-cell patch recordings on
cultured DRG neurons (McCarter et al.,
1999; Drew et al., 2002; Hu and Lewin,
2006; Coste et al., 2010; Vilceanu and
Stucky, 2010). We first tried ROSA™.
mato+; Vglut3<™* control mice, by ap-
plying mechanical forces to the cell
surface of Tomato ¥ neurons (visualized
under a fluorescent microscope) via a
piezo-electrically driven glass probe,
while another pipette was used for patch-
clamp recording of mechanically evoked
currents (Fig. 5A). First, we determined
activation curves for each mechanosensi-
tive current by applying incremental me-
chanical forces (Fig. 5B) and found that
membrane displacement evoking half of
the maximum mechanical current
(Stims,) was 6.9 um (Fig. 5C). We then
grouped currents on the basis of half-
inactivation times (7;,,.) during 8 pum-
displacement stimulation and revealed
three classes of currents (Fig. 5D): rap-
idly adapting (7, < 10 ms), slowly
adapting (7,,c =10 ms, including inter-
mediate and ultra-slow), and mixed
adapting. The mixed adapting current was
well fitted by two exponentials, instead of
one exponential fitting (Drew et al,
2004): Tipaer < 10 ms and 7;,,., >10 ms

inac2

NF200/Tomato g

(@)

(Fig. 5D). In other words, mixed adapt- Ctrl

ing neurons are composed of both
slowly and rapidly adapting mechanical
currents. In contrast, some neurons did
not respond to mechanical probing and
were referred to as nonresponders.

For 51 recorded small-diameter (<25
wm) Tomato ¥ neurons from four indi-
vidual mice, corresponding to VGLUT3-
persistent neurons, rapidly adapting
(35.8 = 2.4%) and mixed adapting (31.8 * 4.8%) currents are
predominant, followed by slowly adapting (7.8 = 2.8%) and
nonresponders (24.5 * 3.4%) (Fig. 5E). For 13 recorded
medium/large-diameter (>35 um) Tomato " neurons (repre-
senting VGLUT3-transient neurons) from three individual
mice, mixed adapting currents are predominant, followed by
slowly adapting rapidly adapting, and nonresponders (data not
shown). Thus, different subtypes of VGLUT3 lineage neurons
may contain distinct mechanical channel components.

Figure 4.

ending in mutant mice.
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cko

Runx1 controls the formation of C-LTMRs lanceolate endings. A, Whole-mount view of Tomato * nerve endings
innervating hair follicles in the back skin of adult ROSA™™* : Vglut3“®* control (Ctrl), and Runx1”;ROSA™™1* ; Yglut3¢</+
mutant (CKO) mice. Arrows indicating longitudinal lanceolate endings and arrowheads for circumferential endings. B, A double
staining of Tomato and NF200 on transverse skin sections. Arrowheads indicating NF200 ™ circumferential endings. Arrow in the
left panel indicates lanceolate endings in wild-type control mice, while arrowheads in the right panel indicate a Tomato *
circumferential ending in mutant mice. , Schematic diagrams illustrating the change from the lanceolate to the circumferential

We next asked whether mechanosensitivity was affected in
Runx] conditional knock-outs. Recording from 55 cultured small-
diameter (<25 um) Tomato" neurons from five individual
RunxI™%;ROSAT™ /™ Velut3“™" mutant mice showed a
marked loss of mechanosensitive neurons in comparison with
ROSATemato!* - yelyt3<"/* control mice, with rapidly adapting
neurons reduced from 35.8 * 2.4% to 7.7 = 5.6%, and mixed
adapting neurons reduced from 31.8 * 4.8% to 2.0 * 2.0% (Fig.
5E). Because of the rarity of neurons expressing slowly adapt-



Lou, Duan et al. ® Runx1 Controls C-Mechanoreceptor Development

J. Neurosci., January 16, 2013 - 33(3):870— 882 « 877

A B C
Dopm: ; Stim_,=6.9 um
0um | 1.04
1=
O 08
: o]
pipette O o0.64
2
S 0.4
o
. " & 0.2
0.0+—* T T T T
] A 0 2 4 6 8 10
__|oe Displacement (uM)
10 ms
D E
8 um
_ [ .
1001 mc ok
Rapidly [ CKO
(c<10 ms) 100 A | < ©]
. —~ 60-
Mixed L
o
(v,<10 ms,t,>10 ms) 200 pA I S 40-
2
Slowly r 201 p **
200 pA | R O N N
be\b & R P
20 ms <& @ ,-QQO
Q~®

Figure 5.

Runx1 controls mechanosensitivity in VGLUT3 * C-LTMRs. A, photograph showing mechanical stimulation of a patch-clamped Tomato * DRG neuron from ROSA™™/ ™" ; glut3“®*+

control (Ctrl) mice. B, Families of rapidly adapting mechanosensitive current traces evoked by a series of mechanical steps in 2 m increments for the DRG cells from Ctrl mice. €, Relationship
between stimulation displacement and relative currents from B (n = 6). D, Representative traces of rapidly adapting, mixed adapting, and slowly adapting currents evoked by a short mechanical
stimulus of 8 pum. E, Histograms showing the proportions of distinct mechanosensitive currents observed in small-diameter VGLUT3 neurons from control “Ctrl” (n = 4 mice, 51 neurons totally) and
Runx17F:ROSAT™®/*  Yglut3%®* mutant (CKO) mice (n = 5 mice, 55 neurons totally), respectively. **p << 0.01, ***p << 0.001. Ctrl versus CKO, Student’s unpaired  test. NS, Nonsignificant.

ing currents, it remains uncertain whether these neurons were
significantly reduced (Fig. 5E). Accordingly, there was a
marked increase in nonresponders, from 24.5 = 3.4% in con-
trol mice to 88.3 * 5.6% in mutants (Fig. 5E). Moreover, the
average current density in the remaining 7 (out of 55) mecha-
nosensitive small Tomato " neurons was significantly reduced
in comparison with that in control mice (from 31.8 = 5.3
pA/pF to 12.8 * 4.2 pA/pF, p < 0.01). In contrast, no change
in average current density was detected in medium/large (>35
um) Tomato ™ neurons (data not shown), consistent with a
lack of Runx1 expression in medium/large VGLUT3-transient
A-mechanoreceptors. Thus, Runxl is selectively required to estab-
lish mechanosensitivity in small-diameter VGLUT3-persistent
neurons.

Runx1 controls mechanosensitivity by regulating

Piezo2 expression

Piezo2 mediates mechanically evoked currents in a subset of
cultured DRG neurons in mice (Coste et al., 2010). I situ hybridiza-
tion on lumbar DRG sections from ROSA™®™/* ; Valy3<7/*
fate-mapping mice showed that 83.7 = 1.9% of Tomato ™ neu-

rons expressed Piezo2 at a relatively high level (Piezo2™&") (Fig.
6A). Most small-diameter and medium-diameter Tomato " neu-
rons expressed Piezo2™&" (Fig. 6A), and only large Tomato "
neurons showed Piezo2'°" expression (Fig. 6A).

We next examined Piezo2 expression in lumbar DRGs of
RunxI mutant and control mice. Double staining showed that the
percentage of Tomato™ neurons with detectable Piezo2 was
markedly reduced in mutants (Fig. 6A), from 83.7 * 1.9% in
control mice to 13.6 * 2.9% in RunxI”F;ROSA™""*;
Vglut3<™* mice (p < 0.001). Most small-diameter Tomato "
neurons, representing VGLUT3-persistent neurons, lost Piezo2
expression (Fig. 6A). In contrast, medium-diameter Tomato *
neurons retained Piezo2"€" expression in mutant mice (Fig. 6 A),
consistent with the lack of Runxl expression in these neurons
(Fig. 3A).

To determine whether Piezo2 is required to mediate mechan-
ical responses in VGLUT3 lineage neurons, we used the same set
of siRNAs (a mixture of four) used by Coste et al. (2010) to
knock down Piezo2 expression in cultured DRG neurons from
ROSATomat* ol 3“7/ mice. By solution electroporation,
we found that nearly 98.3% of Tomato ™ neurons were trans-
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fected with siRNAs, monitored by the in-
clusion of a fluorescence-conjugated
scrambled siRNA (data not shown). In
four paired mice, compared with the re-
sults from 33 small Tomato ™ neurons
transfected with control siRNA, transfec-
tion with Piezo2 siRNAs in 38 neurons led
to a marked reduction of small Tomato ™
neurons expressing rapidly adapting cur-
rents (from 35.8 * 6.3% with control
siRNA to 4.4 * 2.6% with Piezo2 siR-
NAs), which in turn resulted in a marked
increase in nonresponders (from 29.2 *=
3.2% to 74.0 = 6.3%) (Fig. 6B). Piezo2
knockdown appeared to lead to a reduc-

Piezo2/Tomato

w
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tion of mixed adapting neurons (from 1004 [] Piezo2 siRNA

28.8 = 12.3% to 6.9 * 4.2%) and an in-
crease of slowly adapting neurons (from
6.2 = 4.0% to 14.6 * 6.4%), but these
changes did not reach statistical signifi-
cance (Fig. 6B). These findings suggest
that Runx1-dependent Piezo2 is required
to mediate mechanosensitivity in small-
diameter Tomato * neurons.

Neurons (%)

Mechanical pain was largely unaffected
in Runx1™"; Vglut3“** mutant mice
The selective impairment in C-LTMRs in
Runx1™"; Vglut3“"" mutant mice of-
fered a unique opportunity to reassess the
physiological functions of these mecha-
noreceptors. We therefore performed a
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series of acute and chronic pain assays in Figure6.  Runx1 controls C-LTMR mechanosensitivity by regulating Piezo2 expression. A, Piezo2 in situ hybridization on lumbar

Runx1™*; Vglut3“"* mutant mice, using
Runx1™" or Runx1™" littermates as con-
trol. The thresholds in response to light
and intense mechanical stimuli delivered
by Randall-Selitto apparatus and the von
Frey filaments, respectively, were un-
changed between mutant and control mice (Fig. 7A,B). Similarly,
RunxI™F; Vglut3“™* mutant mice showed no difference in
paw withdrawal latencies in response to radiation heat stimuli,
in comparison with control littermates (Fig. 7C). Thus, acute
mechanical and heat pain remains intact in RunxI™%;
Velut3“™* mutant mice.

Intradermal injection of capsaicin into the plantar of the hind-
paw induces not only acute nociception but also secondary me-
chanical allodynia (LaMotte et al., 1991; Torebjork et al., 1992;
Campbell and Meyer, 2006). We found that duration of licking
following capsaicin injections, a measurement of acute chemical
pain, was comparable between Runx1""; Vglut3<"* mutant mice
and control littermates (Fig. 7D). Capsaicin also induced similar
degrees of secondary mechanical hypersensitivity on the adjacent
plantar area, as indicated by similar reduction in withdrawal thresh-
olds in response to von Frey stimuli (Fig. 7D). Thus, capsaicin-
induced secondary mechanical allodynia in the glabrous skin also
remained intact in mutants.

To assess neuropathic pain, we used the SNI model
(Decosterd and Woolf, 2000). We found that both control and
mutant mice showed indistinguishable mechanical hypersen-
sitivity following SNI (Fig. 7E), indicating that neuropathic me-
chanical pain is unaffected in mutant mice.

DRG sections from ROSA™™ @+ - Yglut3%®* control (Ctrl) mice or Runx1™F;ROSA™™ ™ - Yglut3¥®* mutant (CKO) mice. Ar-
rows, arrowheads, and dashed circles indicating small, medium, and large Tomato ™ neurons, respectively. B, Histograms showing
the percentages of neurons exhibiting different types of mechanosensitive currents upon transfection with scrambled control
siRNA (Ctrl, n = 4 mice, 33 neurons totally) or Piezo2 siRNAs (n = 4 mice, 38 neurons totally). **p < 0.01. Ctrl versus Piezo2
siRNAs, Student’s unpaired ¢ test.

To assess inflammatory pain, we first performed intraplantar
injection of the CFA. Three day after intraplantar injection of
CFA, both thermal hypersensitivity (measured by the radiant
heat assay) and mechanical allodynia (measured by the von Frey
assay) remained intact in RunxI1™*; Vglut3“"* mice in compar-
ison with control mice (Fig. 7F). We next performed intraplantar
injection of carrageenan (Kayser and Guilbaud, 1987). Thermal
hypersensitivity was again unchanged in mutant mice (Fig.
7G). However, although mechanical hypersensitivity induced
by carrageenan still developed in mutants, the mutants
showed a modest, yet significant, increase in mechanical
thresholds, in comparison with control littermates (Fig. 7G),
suggesting a minor impairment of inflammatory mechanical
pain. Collectively, these studies suggest that developmental
impairment of VGLUT3-persistent neurons in RunxIl™’;
Velut3“™" mice does not markedly affect acute or chronic
mechanical pain measured from the glabrous skin.

Since TH " C-LTMRs only innervate the hairy skin (Li et al.,
2011), we further examined mechanical allodynia following cap-
saicin injection into the hairy skin of the dorsal hindpaw. We
again did not find any difference between Runx1™"; Vglut3<*
mice versus control mice (data not shown). All together, we con-
clude that mechanical allodynia is largely unaffected in Runx1"*;
Vglut3<™" mutant mice.
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Figure 7.  Pain behavioral analyses. A, The Randall-Selitto assay. Runx7™; Vglut3“®* mu-

tant (CKO) and control (Ctrl) mice showed the same thresholds to tail withdrawal (Ctrl, n = 10,
61.2 = 1.89; (KO, n = 8,62.8 == 2.2 g; p > 0.05, Student’s unpaired t test). B, The von Frey
assays for acute mechanical pain measurement. No difference in withdrawal thresholds (Ctrl,
n=10,0.44 = 0.05g; CKO,n = 8,0.45 = 0.06 g; p > 0.05, Student’s unpaired t test). , The
Hargreaves radiant heat test. No difference in withdrawal thresholds (Ctrl, n = 10, 12.4 =
0.45; CKO,n = 8,11.9 = 0.55; p > 0.05, Student’s unpaired ¢ test). D, In both Ctrl and CKO
mice, capsaicin injection into the hindpaw produced similar licking response in the first 5 min
(Ctrl,n = 6,40.3 == 4.05;CKO,n = 5,47.6 == 9.45; p > 0.05, Student’s unpaired ¢ test). Both
CKO and Ctrl mice showed similar decrease in mechanical threshold at a distance from the
injection site at 15, 30, and 60 min after injection (Ctrl, n = 7; (KO, n = 7; p > 0.05, one-way
ANOVA). E, SNI-induced neuropathic pain. After SNI, a similar reduction in mechanical thresh-
olds by von Frey assay was observed in Ctrl versus CKO mice (Ctrl, n = 7; CKO,n = 10; p > 0.05,
by one-way ANOVA). F, CFA-induced inflammatory pain. Both Ctrl and CKO mice were injected
with CFAin one hindpaw. Tested at before (naive) and 3 d after (CFA) injection (Ctrl, n = 7; CKO,
n = 8;p > 0.05, Student’s unpaired ¢ test). G, Carrageenan-induced inflammatory pain. Ctrl
and CKO mice were injected with carrageenan in the hindpaw. Tested at 2, 4, and 24 h after
injection. Both genotypes show a similar withdrawal threshold to radiant heat at all times
tested (Ctrl, n = 10; CKO, n = 8; p > 0.05, Student’s unpaired ¢ test). CKO mice exhibited a
small but significantincrease in mechanical threshold at all times tested in comparison with Ctrl
mice (Ctrl, n = 10; CKO, n = 8; **p << 0.01; ***p << 0.001; Ctrl vs CKO, Student’s unpaired t
test).

Discussion

By investigating the ontogeny, mechanosensitivity, developmen-
tal control, and physiological functions of VGLUT3 lineage sen-
sory neurons, we have gained novel insight into several areas on
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mammalian mechanoreceptors. First, the genetic fate mapping
shows that VGLUT?3 lineage mechanoreceptors are composed of
multiple subgroups, including (1) medium/large VGLUT3-
transient myelinated A-mechanoreceptors forming the Merkel
cell-neurite complex, and (2) small-diameter VGLUT3-persis-
tent unmyelinated neurons that are further divided into two sub-
populations: TH" C-LTMRs forming the lanceolate endings
around hairs and TH ™ neurons forming epidermal-free nerve
endings. Second, with great excitement generated from the recent
identification of Piezo2 as a mechanically gated ion channel, we
now show that Piezo2 is expressed in VGLUT?3 lineage C-LTMRs,
and Piezo2 mediates mechanosensitivity in these neurons. Third,
the runt domain transcription factor Runx1 plays a pivotal role in
controlling C-LTMR development, including the formation of
terminal morphologies, the expression of VGLUT3 and Piezo2,
and the establishment of mechanosensitivity. Fourth, with selec-
tive loss of VGLUT3 and mechanosensitivity in C-LTMRs,
behavioral analyses in this new line of RunxI conditional knock-
outs allow us to revisit the roles of these neurons in sensing me-
chanical pain.

Distinct transcription factors control the formation of
specialized mechanoreceptor terminal nerve endings

Most known low threshold mechanoreceptors form specialized
nerve endings that allow them to respond to specific types of
mechanical stimuli (Johnson, 2001; Bautista and Lumpkin, 2011;
Delmasetal., 2011). Our studies consolidate the idea that distinct
transcription factors control the formation of these nerve end-
ings. The basic leucine-zipper transcription factor c-Maf and the
ets domain protein Er81 are required for the formation of the
Pacinian corpuscles that are specialized to sense high-frequency
vibrations (Sedy et al., 2006; Hu et al., 2012; Wende et al., 2012).
Both c-Maf and the homeobox protein Shox2 are necessary for
the formation of the Meissner corpuscles that respond to skin
motions and detect low-frequency vibration (Abdo et al., 2011;
Scott et al., 2011; Wende et al., 2012). In the hairy skin, the lon-
gitudinal lanceolate endings respond to hair defection, and two
recent studies reveal heterogeneity of mechanoreceptors forming
these endings (Li et al., 2011; Wende et al., 2012). Formation of
NF200 * myelinated lanceolate endings is dependent on c-Maf
(Wende et al., 2012). We demonstrate here that Runxl is re-
quired for the TH * subset of C-LTMRs to form unmyelinated
lanceolate endings. In the absence of Runx1, prospective unmy-
elinated lanceolate endings are either lost or transformed to be-
come circumferential endings. The Merkel cell-neurite complex
is specialized for fine tactile discrimination, thereby the percep-
tion of form and texture (Johnson, 2001; Bautista and Lumpkin,
2011; Delmas et al., 2011). The basic helix-loop-helix protein
Atoh1 controls the genesis of the Merkel cells (Maricich et al,,
2009, 2012). Among mechanoreceptors innervating the Merkel
cells, Shox2 and the Runx1-related protein Runx3 appear to be
required for proper development of the TrkB ™ and TrkC * sub-
sets, respectively (Senzaki et al., 2010; Abdo etal., 2011). We show
here that VGLUT3-transient myelinated mechanoreceptors in-
nervate the Merkel cells, and we further found that among them
55% and 45% express the neurotrophin receptors TrkB and
TrkC, respectively (data not shown). Further studies will be war-
ranted to determine whether Runx3 and Shox2 specify distinct
subsets of VGLUT3-transient A-mechanoreceptor. Altogether,
the emerging theme is that distinct transcription factors act alone
or in combination to control the formation of distinct mechan-
oreceptor nerve endings and/or end organs.
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Runxl1-dependent Piezo2 mediates mechanosensitivity

in C-LTMRs

Piezo proteins have been shown to be the long sought mechan-
ically gated ion channels in mammals and in flies (Coste et al.,
2010, 2012; Kim et al., 2012), a channel that is distinct from
those found in C. elegans (Geffeney and Goodman, 2012). In
mice, elevated Piezo2 (Piezo2Meh) expression is detected in
~20% of DRG neurons (Coste et al., 2010). Here, we found
that a large subset of Piezo2"®" neurons represent VGLUTS3 lineage
neurons, including small-diameter VGLUT3-persistent neurons
and medium-diameter A-mechanoreceptors. Knockdown of Piezo2
leads to a marked loss of rapidly adapting mechanical current in
small VGLUT3-persistent neurons, and a concurrent increase of
mechano-insensitive neurons (Fig. 6). The loss of Piezo2 expression
should at least partly contribute to the marked loss of mechanosen-
sitivity in VGLUT3-persistent neurons of RunxI mutants, although
our data do not rule out that Runx1 may control other molecular
components involved with mechanotransduction.

Notably, the adaption rates of mechanically evoked currents
recorded from cultured neurons are different from those re-
corded from ex vivo skin-nerve preparations. By ex vivo skin-
nerve preparations, C-LTMR neurons exhibit intermediate
adaption rates in response to stationary mechanical stimuli (Seal
etal.,2009; Lietal., 2011), and Merkel cells are innervated by type
I slowly adapting AB-LTMRs, or SA1 AB-fibers (Lumpkin et al.,
2010; Bautista and Lumpkin, 2011; Delmas et al., 2011). In con-
trast, mechanically evoked currents from cultured VGLUTS3 lin-
eage neurons mainly exhibit rapid or mixed adaption rates. The
simplest interpretation is that adaption rates are modulated by
specialized nerve endings/structures or the extracellular matrix
molecules in the skin (Lumpkin et al., 2010). For example,
laminin-332 released from keratinocytes is able to suppress the
rapidly adapting mechanosensitive current (Chiang et al., 2011).
Similarly, Merkel cells themselves are mechanosensitive, and the
SALI current is selectively lost in mice lacking Merkel cells, despite
the continuous innervation of AB-fibers to prospective touch
domes (Maricich et al., 2009).

What are the physiological functions of VGLUT3-persistent
DRG neurons?

Seal et al. (2009) reported that mechanical allodynia induced by
inflammation, capsaicin, or nerve injury was all markedly im-
paired in mice lacking Vglut3. They further proposed that
VGLUT3-persistent C-LTMRs are required for the execution,
but not the induction, of mechanical allodynia (Seal et al., 2009).
This interpretation is, however, complicated by the VGLUT3 ex-
pression in many parts of the nervous system (El Mestikawy et al.,
2011) (Fig. 3). By using Vglut3-Cre mice to knock out Runx1, we
have now created a new line of mutant mice (RunxI™%;
Vglut3<™'*) with a selective loss of VGLUT3 and mechanosensi-
tivity in VGLUT3-persistent neurons, which offered a unique
opportunity to reassess the physiological functions of these
neurons.

We found that RunxI-dependent VGLUT3-persistent neu-
rons do modestly contribute to the inflammatory mechanical
hypersensitivity induced by carrageenan and measured from the
hindpaw plantar. Among VGLUT3-persistent neurons, the TH *
C-LTMRs innervates the hairy skin (Li et al., 2011), and only the
TH ~ subset innervates the thick glabrous skin, forming the D.P.E
endings that pass through the dermal papillae to enter the epider-
mis. Previous electrophysiological recording showed that most if,
not all, VGLUT3-persistent neurons are C-LTMRs (Li et al.,
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2011). Thus, the TH ™ subset of VGLUT3-persistent neurons
might also function as C-LTMRs, although further studies are
needed to consolidate this hypothesis. Regardless, a defect in
TH neurons could in principle contribute to the minor in-
flammatory pain deficit measured from the glabrous skin in
Runx1™"; Vglut3<"* knock-out mice.

Surprisingly, mechanical allodynia induced by nerve lesions,
capsaicin, and another inflammatory reagent CFA in Runx1'*;
Vglut3C”/Jr knock-out mice is unaffected in RunxI™%;
Vglut3<™* knock-out mice. Even carrageenan-induced mechan-
ical pain is only modestly impaired. How could we explain the
marked loss of this type of pain in Vglut3 complete null mice?
Two possibilities are worthy for consideration.

First, VGLUT3 may only play a developmental role in
VGLUT3-persistent neurons. VGLUT3 expression was initiated
at prenatal and neonatal stages (Fig. 1). In Runx1™"; Vglut3<*
knock-out mice, a transient VGLUT3 expression was still pre-
served at neonatal stages since Vglut3-Cre mice were used for
RunxI knock-out. Transient VGLUT3 expression has been
shown to play a role in circuit maturation in the brain (Noh et
al.,2010), and it is well known that spinal circuits also undergo
maturation processes during postnatal development (Fitzger-
ald, 2005). Thus, if VGLUT3-dependent glutamate release
from VGLUT3-persistent DRG neurons plays a role in circuit
maturation and if this process only requires a transient
VGLUTS3 expression, maturation of sensory circuits would be
impaired in Vglut3-null mice, but not in Runx1 /. Vglut3cm/+
knock-out mice.

Second, VGLUT3 activity in other parts of the nervous system
may control mechanical hypersensitivity, such as neurons form-
ing the Merkel cell-neurite complex, neurons located in the dor-
sal spinal cord, and hindbrain 5-HT neurons. Accordingly, the
normal VGLUTS3 expression in these neural cells in Runx1™";
Vglut3<™* knock-out mice might explain why mechanical pain
is unaffected. This interpretation is consistent with reports that
VGLUTS3 expression is confined to Nav1.8 lineage DRG neurons,
and neuropathic mechanical pain is unaffected upon ablation of
these neurons (Abrahamsen et al., 2008; Shields et al., 2012).
Future conditional knock-out of VGLUT3 in various parts of the
nervous system will be needed to clarify where VGLUT3 operates
to mediate mechanical pain.
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