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SUMMARY

Touch and mechanical pain represent distinct, but
interactive,modalities ofmechanosensation. Howev-
er, the molecular mechanisms underlying these me-
chanotransduction processes remain incompletely
understood. Here, we show that deletion of the me-
chanically activated and rapidly adapting Piezo2
channel in a portion of the low-thresholdmechanore-
ceptors and a majority of the IB4-positive nocicep-
tors impairs touch but sensitizes mechanical pain in
mice. Ectopic expression of the Piezo2 homolog,
the intermediately adapting Piezo1 channel, in sen-
sory neurons can sensitize touch in normal mice
and rescue defective touch of the Piezo2-knockout
mice. Broad expression of Piezo1 in sensory neurons
decreases, rather than evokes, mechanical pain re-
sponses. Together, our data suggest thatPiezo chan-
nels canmediate touch and indirectly suppress acute
pain. Tuning Piezo-mediated touch sensitivity allows
us to recapitulate the inhibitory effect of touch on
acute pain in mouse models.

INTRODUCTION

The somatosensation of mechanical forces generates distinct

modalities of mechanosensation, enabling precise perception

of touch and mechanical pain. In mammals, this process is

mainly mediated by primary sensory neurons whose cell bodies

reside in the dorsal root ganglia (DRG) and trigeminal ganglia.

The pseudounipolar DRG neurons extend their peripheral axonal

branches into skin, muscle, and internal organs for receiving

and converting sensory inputs into electrochemical signals,

whereas the central branches enter the spinal dorsal horn for

relaying electrical activities into the central nervous system for

generating perception. Depending on their mechanosensitivity,

mechanosensitive DRG neurons can be generally classified as

low-threshold mechanoreceptors (LTMRs) and high-threshold

mechanoreceptors (HTMRs), which respond to innocuous me-

chanical stimulation for touch and noxious mechanical stimuli
Cell Re
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for mechanical pain, respectively (Abraira and Ginty, 2013).

Despite their distinctiveness, touch and mechanical pain are

interactive, as highlighted by the well-known phenomenon that

gentle touch can alleviate acute pain in humans. For instance,

we could experience a relief of pain when we blow on wounds.

Accordingly, Melzack and Wall (1965) have proposed the gate

control theory of pain, which states that LTMR-mediated touch

input can signal to spinal inhibitory interneurons and inhibit the

spinal nociceptive transmission neurons that normally receive

inputs from HTMRs (Wall, 1978). Such a neural circuit organiza-

tion mechanism provides an explanation for touch-mediated

inhibition of mechanical pain under normal conditions. Interest-

ingly, a recent study has elegantly demonstrated that LTMR-

derived touch alleviates acute pain sensation (Arcourt et al.,

2017). In contrast, under pathological pain conditions, touch

can evoke, rather than suppress, pain, a phenomenon known

as tactile allodynia. However, how the distinct but interactive

touch and mechanical pain are encoded at the initial mechano-

transduction sites remain poorly understood.

Mechanical forces acting on DRG neurons directly open

mechanically activated (MA) cation channels, resulting in a con-

version of mechanical stimulation into depolarization and excita-

tion of DRG neurons (Ranade et al., 2015). McCarter et al. (1999)

successfully made the first recording of MA whole-cell currents

in cultured rat DRG neurons. Based on their inactivation kinetics,

the MA currents were classified into distinct types, including

rapidly adapting (RA), intermediately adapting (IA), and slowly

adapting (SA) (Drew et al., 2002; Hu and Lewin, 2006). The RA

currents were found in large mechanosensitive neurons and

had a low threshold of activation, whereas IA and SAweremainly

observed in putative nociceptive neurons (Drew et al., 2002; Hu

and Lewin, 2006). Thus, these characterizations have led to the

assumption that the RA current might mediate touch sensation,

whereas the IA and SA currents mediate mechanical pain.

The evolutionarily conservedPiezo family of proteins, including

Piezo1 and Piezo2, have been identified (Coste et al., 2010) and

established (Coste et al., 2012; Ge et al., 2015; Zhao et al.,

2016, 2018) as a bona fide class of mammalian MA cation chan-

nels. When heterologously expressed in cell lines, such as

HEK293T cells, both Piezo1 and Piezo2 are sufficient to mediate

MA currents, showing IA and RA properties, respectively (Coste

et al., 2010). Although Piezo1 is not expressed in DRG neurons
ports 26, 1419–1431, February 5, 2019 ª 2019 The Author(s). 1419
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Figure 1. Expression of Piezo2 in Piezo2fl/fl and Piezo2cKO Mice

(A) Single-cell analysis of the mRNA expression of Piezo1 (red dots) and TRPV1 (green dots) using the previously reported single-cell RNA-seq data set of mouse

DRG neurons (Usoskin et al., 2015). TrkB, Calb1, and TrkC serve asmolecular markers for LTMRs; NFH for LTMRs and proprioceptors (abbreviated as Prop.); IB4

for non-peptidergic neurons (abbreviated as Non-Pept.); and CGRP for peptidergic neurons (abbreviated as Pept.). Each dot represents a single DRG neuron.

Notably, Piezo2 is detected in all subsets of DRG neurons classified by the indicated molecular markers. TRPV1 is expressed mainly in CGRP-positive noci-

ceptors. It should be noted that Usoskin et al. (2015) assigned a portion of the TRPV1-positive neurons as non-peptidergic neurons according to their classi-

fication standards, which were actually either CGRP positive or IB4 negative. Thus, by traditional definition for classification, those neurons could be considered

as peptidergic neurons.

(legend continued on next page)
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(Ranade et al., 2014), Piezo2 is expressed in DRG neurons of

diverse sensory functions, including cutaneous mechanorecep-

tors known as Merkel-cell-neurite complexes, proprioceptors

innervating muscle spindles and Golgi tendon organs, and those

innervating the lung in mice (Coste et al., 2010; Nonomura et al.,

2017; Ranade et al., 2014; Woo et al., 2014, 2015). Previous

studies have suggested that Piezo2 specifically mediates the

RA, but not IA or SA, current in DRG neurons (Coste et al.,

2010; Ranade et al., 2014). Furthermore, ex vivo skin nerve prep-

aration studies show that Piezo2mediates themechanosensitiv-

ity of LTMRs and might modulate the firing frequency of HTMRs

(Murthy et al., 2018; Ranade et al., 2014). Importantly, studies of

either sensory neuron-specific Piezo2 knockout mice or human

patients with loss of function mutations in Piezo2 gene have

demonstrated that Piezo2 is essential for sensing gentle touch,

proprioception, and tactile allodynia but has either no or at

most a partial role in mechanical pain response (Murthy et al.,

2018; Ranade et al., 2014; Woo et al., 2015; Chesler et al.,

2016; Szczot et al., 2018). Thus, characterizations of the Piezo2

channel appear to support the hypothesis that RA currents in

DRG neurons mediate light touch sensation. Nevertheless, the

lack of Piezo1 expression inDRGneurons and its IA current prop-

erty have offered us the uniquemolecular tool to addresswhether

distinct mechanotransduction channels are sufficient for confer-

ring specific modalities of mechanosensation. Furthermore, we

aimed to reconstruct the phenomenon of touch-mediated inhibi-

tion of acute pain through tuning Piezo-mediated touch inmouse

models.

In the present study, we have first observed the intriguing

finding that deletion of Piezo2 in a portion of the LTMRs and

majority of the isolectin B4 (IB4)-positive mechano-nociceptors

impairs touch but unexpectedly sensitizes acute mechanical

pain. We have then generated Cre-dependent Piezo1 transgenic

mice, which allow ectopic expression of Piezo1 in sensory neu-

rons with or without endogenous Piezo2 being deleted. Remark-

ably, we have found that ectopic expression of Piezo1 not only

sensitizes touch in normal mice but also rescues the defective

touch and proprioception of the Piezo2 knockout mice. Intrigu-

ingly, the acute mechanical pain is suppressed rather than

evoked, even when Piezo1 is ectopically expressed in all DRG

neurons. Taken together, our data suggest that, independent

of their distinct inactivation properties, MA Piezo channels suffi-

ciently mediate touch and indirectly suppress mechanical pain.

RESULTS

Characterizing the Expression of Piezo2 in Molecularly
Defined Subsets of DRG Neurons
Previous studies have shown that Piezo2 is broadly expressed in

mouse DRG neurons (Coste et al., 2010; Ranade et al., 2014).

However, its expression in molecularly defined subsets of DRG
(B) Percentage of Piezo2-postive neurons in the distinct subsets of DRG neurons c

Piezo2 mRNA and the indicated molecular markers. Each bar represents means

statistical difference between the two groups of DRGs for each molecular marke

(C–H) Representative images showing staining of DRG sections from Piezo2fl/fl a

against TrkB (C), Calb1 (D), TrkC (E), NFH (F), and CGRP (H) or the IB4-biotin (G) fo

neurons. Scale bars, 50 mm. The experiments were repeated twice.
neurons has not been systematically characterized.We analyzed

the reported RNA-seq data set of single DRG neurons (Usoskin

et al., 2015) and found that Piezo2 is widely expressed in molec-

ular-defined subsets of DRG neurons, including LTMRs, marked

by tropomyosin-receptor kinase (Trk) B, calbindin 1 (Calb1), or

TrkC LTMRs and proprioceptors by neural filament heavy chain

(NFH), non-peptidergic nociceptors by IB4, and peptidergic no-

ciceptors by calcitonin gene-related peptide (CGRP) (Figure 1A).

In contrast, the capsaicin- and heat-activated TRPV1 is mainly

expressed inCGRP-positive peptidergic nociceptors (Figure 1A).

To verify the RNA-seq data, we combined in situ hybridization of

Piezo2 mRNA with RNAscope technology and immunofluores-

cent staining of the molecular markers shown in Figure 1A. We

confirmed the specificity of the RNAscope probes (Figure S1A).

Consistent with the single-cell RNA-seq analysis (Figure 1A), we

detected Piezo2 mRNA among all types of DRG neurons derived

from the Piezo2fl/fl control mice classified by the stained markers

(Figures 1B–1H). Consistent with its role in mediating gentle

touch and proprioception, Piezo2 was expressed in more than

95% of LTMRs and proprioceptors (Figures 1B–1F). Unexpect-

edly, Piezo2 was detected in �90% of IB4-positive, non-pepti-

dergic nociceptors (Figures 1B and 1G), which contain the

population of neurons specifically mediating mechanical pain

response (Cavanaugh et al., 2009). Piezo2 was also expressed

in CGRP-positive peptidergic nociceptors (Figures 1B and 1H),

which have been proposed to mainly mediate noxious heat

response (McCoy et al., 2013).

To conditionally delete the expression of Piezo2 in sensory

neurons, we used two previously described Advillin-Cre mice

either by Heppenstall (Advillin-Cre1) (Zurborg et al., 2011) or

byWang (Advillin-Cre2) (da Silva et al., 2011) that mainly express

Cre recombinase in primary sensory neurons under the control of

the Advillin gene locus. By characterizing Advillin-Cre/tdTomato

reporter mice, a previous study has shown that �80% and

84% of DRG neurons displayed Cre-dependent expression of

tdTomato using the Advillin-Cre1 and Advillin-Cre2 mice,

respectively (Zappia et al., 2017), suggesting greater Cre activity

of the Advillin-Cre2 mouse line. Indeed, based on Cre-depen-

dent ectopic expression of EGFP-Piezo1, the Advillin-Cre1 and

Advillin-Cre2 mice had Cre activity in about 75% and 95% of

DRG neurons, respectively (see below and Figures 3I and 7A).

In line with the different efficiency of the twoCremouse lines, Ad-

villin-Cre1-dependent Piezo2 knockout mice (Piezo2cKO) were

viable (Figures 1 and 2), but the Advillin-Cre2-dependent condi-

tional Piezo2 knockout mice were lethal. Constitutive Piezo2

deletion or a Wnt-Cre-dependent conditional deletion of Piezo2

in jugular, trigeminal, and DRG neurons led to respiratory

distress and lethality (Dubin et al., 2012; Nonomura et al.,

2017). It is likely that the Advillin-Cre2-dependent Piezo2

knockout mice had deletion of Piezo2 in neurons controlling

respiration as well. Nevertheless, we focused on characterizing
lassified by the indicatedmolecularmarkers. DRG sections were co-stained for

± SEM of 4–7 DRG sections. Two-way ANOVA test was used for analyzing the

r. ***p < 0.001.

nd Piezo2cKO mice with the RNAscope probe for Piezo2 mRNA and antibodies

r the distinct subsets of DRG neurons. In (C), the arrows indicate TrkB positive
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Figure 2. Ectopic Expression of Piezo1 in

DRG Neurons Rescues Defective Light-

Touch and Proprioception of Piezo2cKO

Mice

(A) Scatterplot of the percentage of paw with-

drawal in response to 0.4 g Van frey filament

stimulation.

(B) Scatterplot of the threshold in response to a

dynamic Von frey stimulation.

(C) Scatterplot of the number of scratch in

response to the tape test.

(D) Scatterplot of the threshold in response to the

Randall-Selitto test.

(E) Scatterplot of the latency to fall in the Rotarod

test.

(F and G) Scatterplots of footslip number (F) or

latency (G) to cross the indicated beam.

(H–K) Footprint analysis showing the scatterplots

of the stride length (H), fore-hind pore overlap (I),

fore paw width (J), and hind paw width (K).

Each bar represents means ± SEM, and the

number of tested mice is labeled above the bar.

One-way ANOVA test for (A)–(E) and (H)–(K); two-

way ANOVA for (F) and (G); *p < 0.05, **p < 0.01,

***p < 0.001.
the Advillin-Cre1-dependent Piezo2cKO mice, which are different

from the previously reported Advillin-CreERT2-dependent

Piezo2cKO mice that had tamoxifen-induced deletion of Piezo2

in adult sensory neurons (Ranade et al., 2014).

RT-PCR of the whole DRG neurons revealed that the Piezo2

mRNA level derived from the Piezo2cKO mice was reduced to

�40% of that derived from the Piezo2fl/fl control mice (Fig-

ure S2A). Furthermore, we carried out whole-cell recording of

culturedDRGneuronswhile simultaneously poking the cellmem-

brane with a blunt glass probe driven by a Piezo-electric element

and identified fewer Piezo2cKO DRG neurons showing RA cur-

rents (Figure S2B). In light of the incomplete deletion of Piezo2

in the Piezo2cKO mice, we examined the deletion efficiency in

the molecular defined subsets of DRG neurons. In LTMRs and

proprioceptors marked by TrkB, Calb1, TrkC, and NFH, the

mRNA level of Piezo2derived fromPiezo2cKODRGswas reduced

to �40%–60% of that of the Piezo2fl/fl DRGs (Figures 1B–1F),

consistent with the RT-PCR result (Figure S2A). Interestingly,

the Piezo2 mRNA in the IB4-positive neurons derived from the

Piezo2cKO was markedly reduced to �3% of that of the control

mice (Figures 1B and 1G). In contrast, the level in CGRP-positive
1422 Cell Reports 26, 1419–1431, February 5, 2019
neurons derived from the Piezo2cKO was

only modestly decreased (Figures 1B

and 1H).

The Advillin-Cre1-Mediated
Piezo2cKO Mice Show Impaired
Touch and Proprioception but
Sensitized Mechanical Pain
Responses
Based on the relatively specific deletion

of Piezo2 in a portion of the LTMRs and

the majority of the IB4-positive me-
chano-nociceptors in the Piezo2cKO mice, the Advillin-Cre1-

dependent Piezo2cKO mice allowed us to assay the behavioral

roles of Piezo2 in innocuous and noxious mechanosensation.

Consistent with previous characterizations of the Piezo2 condi-

tional KO mice generated with either the Advillin-CreERT2

mouse line that allowed tamoxifen-induced deletion of Piezo2

in sensory neurons of adult mice (Ranade et al., 2014) or the

HoxB8-Cre mouse line that induced a most robust deletion of

Piezo2 in DRG neurons (Murthy et al., 2018), the Advillin-Cre1-

mediated Piezo2cKO mice had defective gentle-touch sensing

behaviors (Figures 2A–2C). Compared with their Piezo2fl/fl litter-

mates, the Piezo2cKO mice had drastically reduced paw with-

drawal frequency in response to repeated light punctate stimula-

tion with 0.4 g of von Frey filament (Figure 2A) and increased

withdrawal threshold as assayed by the up-down von Frey test

(Figure 2B). To assay the mechanical sensitivity of hairy skin,

we carried out the tape response test by monitoring the number

of scratching of the adhesive tape attached to their back, as

previous described (Ranade et al., 2014). The Piezo2cKO mice

had about 2-fold decrease of the number of scratching

compared with their Piezo2fl/fl littermates (Figure 2C). Together,



these data suggest that deletion of Piezo2 in about 40%–60% of

the LTMRs is sufficient to cause behavioral defects in gentle

touch sensation.

The Advillin-Cre1-dependent Piezo2cKO mice had defective

proprioception behaviors as well, which is consistent with the

previously characterized HoxB8-Cre-dependent Piezo2cKO

mice (Woo et al., 2015). For instance, when subjected to a Ro-

tarod test, the Piezo2cKO mice were about two times faster to

fall compared with their Piezo2fl/fl littermates (Figure 2E). We

also examined the performance of the mice to cross over either

a 12-mm-wide or a 6-mm-wide beam. Compared with their

Piezo2fl/fl littermates, the Piezo2cKO mice had a drastic increase

in the number of footslips and took a longer time to cross the

beam (Figures 2F and 2G). We additionally assayed the walking

behaviors using the footprint analysis (Figures 2H–2K and S2C).

Although Piezo2fl/fl and Piezo2cKO mice showed similar stride

length (Figure 2H), Piezo2cKO mice apparently walked less coor-

dinately, showing decreased overlap of fore and hind paws (Fig-

ure 2I), decreased fore pawwidth (Figure 2J), and increased hind

paw width (Figure 2K). Together, these data suggest that Advil-

lin-Cre1-mediated deletion of Piezo2 in about 40%of the LTMRs

and proprioceptors marked by NFH (Figure 1B) caused defective

proprioception.

Unexpectedly, we found that the Advillin-Cre1-dependent

Piezo2cKO mice had significantly reduced threshold in response

to the Randall-Selitto-evoked mechanical pain (Figure 2D), indi-

cating sensitized, rather than diminished, mechanical pain re-

sponses. Given that Piezo2 was near completely deleted in the

IB4-positive neurons of the Advillin-Cre1-mediated Piezo2cKO

mice, these data suggest that Piezo2 is unlikely to directly

mediate mechanical pain responses in the IB4-positive me-

chano-nociceptors. Instead, we hypothesized that the Piezo2-

mediated gentle touch sensation might have an inhibitory

role in mechanical pain, resulting in the sensitized mechanical

pain response of the Piezo2cKO mice showing reduced touch

sensitivity.

Generating Conditional Piezo1 Transgenic Mice That
Allow Cre Recombinase-Dependent Ectopic Expression
of EGFP-Piezo1 Proteins in Sensory Neurons
To address whether mechanotransduction channels of distinct

inactivation kinetics are sufficient for conferring touch and

mechanical pain, we generated transgenic mice allowing

ectopic expression of Piezo1 in sensory neurons. To enable

tissue-specific ectopic expression of the MA Piezo1 channel

of IA kinetics, we designed an expression construct containing

the CAG promoter, which drives high levels of gene expression

in mammalian cells; two loxP sites flanking the mCherry-encod-

ing sequence with a stop codon; and the downstream

sequence encoding the mouse Piezo1 with an N-terminally

fused EGFP (EGFP-Piezo1 fusion protein) (Figure 3A). The

floxed mCherry conditionally blocks expression of the down-

stream EGFP-Piezo1 protein (Figure 3A). We first verified the

expression construct in HEK293T cells with or without co-

expression of a construct encoding the Cre recombinase. In

line with our strategy, in the absence of Cre expression, we

only detected expression of mCherry, not EGFP-Piezo1 (Fig-

ure S3A). In contrast, with Cre expression, EGFP-Piezo1, but
not mCherry, was expressed, demonstrating efficient Cre-

dependent excision of the floxed mCherry-encoding sequence

and consequent expression of EGFP-Piezo1 (Figure S3A).

Furthermore, the cells expressing EGFP-Piezo1 displayed

mechanically induced whole-cell currents of inactivation ki-

netics similar to the cells expressing either Piezo1 or Piezo1-

mRuby2, confirming similar biophysical properties of the

EGFP-Piezo1 fusion protein as displayed by Piezo1 (Figures

S3B–S3D). The inactivation constant t of the EGFP-Piezo1-

mediated current was �20 ms, which is within the defined inac-

tivation kinetics of IA currents of 10 ms < t < 30 ms. In contrast,

the Piezo2-mRuby2-mediated current had significantly faster

inactivation kinetics, with a t value of �7 ms (Figures S3B–

S3D), which is within the defined inactivation kinetics of RA

currents of t < 10 ms.

We next injected the linearized sequence containing the

expression cassette into zygotes derived from C57BL/6 mice

for generating the conditional Piezo1 transgenic mice, termed

TGfloxed-mCherry mice. Among the three founders obtained, one

failed to give offspring and another showed only modestly

increased mRNA levels of the transgene (data not shown). We,

therefore, focused on the third founder that contains the trans-

gene (Figure S4A).

To demonstrate the efficiency of Cre-dependent excision

of the floxed mCherry sequence and the consequent expres-

sion of the EGFP-Piezo1 protein in mice, we crossed the

TGfloxed-mCherry mice with EIIa-Cre mice, which express Cre

in the early embryo, leading to a Cre-mediated recombina-

tion in a wide range of tissues, including germ cells that

transmit the generic alteration to progeny. We identified germ-

line-transmitted, constitutive Piezo1-transgenic mice (Piezo1-

TG), which were bred with wild-type (WT) mice, resulting in the

generation of littermate WT and Piezo1-TG mice (which were

used for behavioral tests shown in Figure 6). Based on a RT-

PCR genotyping strategy (Figure S4B), we detected the

mCherry sequence in tissues derived from the TGfloxed-mCherry

mice (Figure S4C). In contrast, in the Piezo1-TG mice, the

floxed mCherry sequence was cleaved in all the tissues

examined, including DRG tissues, demonstrating efficient

Cre-dependent excision of the floxed mCherry sequence

(Figure S4C).

Advilin-Cre1-Dependent Expression of EGFP-Piezo1 in
Sensory Neurons
To ectopically express Piezo1 in primary sensory neurons, such

as in DRG neurons, we mated the Advillin-Cre1 mice with the

TGfloxed-mCherry mice to generate the Piezo1-TGAdv1 mice. RT-

PCR revealed that the mRNA level of ectopically expressed

Piezo1 was increased �19-fold, whereas the endogenous

level of Piezo2 was not significantly affected (Figure S5A).

Based on anti-GFP immunofluorescent staining experiments,

DRG sections derived from Piezo1-TGAdv1 mice had a strong

GFP signal compared with that derived from either the WT or

the TGfloxed-mCherry mice (Figure 3B). Furthermore, the GFP sig-

nals were specifically detected in DRG nerve endings of the

Piezo1-TGAdv1 mice, but not the WT mice, which innervated

the skin tissue, either at specialized touch receptors, such as

the hair follicles (Figures 3C and 3D), or as free nerve endings
Cell Reports 26, 1419–1431, February 5, 2019 1423



Figure 3. Ectopic Expression of EGFP-Piezo1 in DRG Neurons

(A) Construct design for generating Cre-dependent transgenic mice that allows tissue-specific expression of EGFP-Piezo1. The upstream floxed mCherry-

encoding sequence with a TAG stop codon blocks the translation of the downstream EGFP-Piezo1 fusion protein, resulting in the transgenic mice that express

mCherry (TGfloxed-mCherry mice). When TGfloxed-mCherry mice are crossed with a tissue-specific Cre line, the mCherry sequence is cleaved, leading to generation of

the Piezo1-TGCre-line mice that express EGFP-Piezo1 in tissues with Cre activity.

(B) Anti-GFP and DAPI staining of DRG sections derived from the indicated mice. Scale bar, 50 mm.

(C and D) Co-immunostaining of GFP, NFH, and DAPI of skin sections derived from either WT (C) or the Piezo1-TGAdv1 (D) mice. Scale bars, 20 mm.

(E–G) Co-immunostaining of GFP with NFH (E), IB4 (F), and CGRP (G) for distinct DRG populations. Scale bars, 50 mm.

(H and I) GFP andmCherry fluorescent images of cultured DRG neurons derived from either the TGfloxed-mCherry mice (H) or the Piezo1-TGAdv1 mice (I). Scale bars,

50 mm.

In (B)–(I), representative images from three independent experiments.
(Figure S5B). These immunostaining results suggest Advillin-

Cre1-dependent expression of EGFP-Piezo1 in both cell bodies

and peripheral nerve endings of DRG neurons.

Both large- and small-diameter DRG neurons derived from the

Piezo1-TGAdv1 mice appeared to express EGFP-Piezo1 (Fig-

ure 3B). We, therefore, went on to examine the expression distri-

bution of EGFP-Piezo1 in myelinated large neurons or non-pep-

tidergic or peptidergic, small neurons by co-staining the

respective markers, including NFH, IB4, and CGRP. EGFP-

Piezo1 was expressed in �30%, 74%, and 70%, respectively,

of the NFH-, IB4-, and CGRP-positive neurons (Figures 3E–
1424 Cell Reports 26, 1419–1431, February 5, 2019
3G). In contrast, EGFP-Piezo1-expressing neurons contain

�16%, 50%, and 31% of NFH-, IB4- or CGRP-positive neurons,

respectively. Previous studies have shown that myelinated

NFH-positive neurons and IB4-positive, small neurons comprise

LTMRs and mechano-nociceptors, respectively (Abraira and

Ginty, 2013; Cavanaugh et al., 2009), whereas CGRP-positive

neurons are mainly involved in sensing noxious heat (McCoy

et al., 2013). Thus, the expression analysis suggests that

EGFP-Piezo1 was successfully expressed in a diverse set

of DRG neurons, including both mechanoreceptors and non-

mechanoreceptors.



Figure 4. Characterization of Mechanically

Activated Currents and Excitability of DRG

Neurons upon Ectopic Expression of

EGFP-Piezo1

(A) Representative traces of mechanically evoked

whole-cell currents of RA, IA, and SA kinetics

recorded from cultured WT DRG neurons.

(B) Proportion of WT and Piezo1-TGAdv1 DRG

neurons showing the indicated responding prop-

erties. Piezo1-TGAdv1 DRG neurons are further

classified as GFP� and GFP+ cells based on the

ectopic expression of EGFP-Piezo1 proteins.

(C and D) Scatterplots of the maximum current

amplitude (C) or the threshold (D) of the indicated

type of currents recorded from WT and Piezo1-

TGAdv1 DRG neurons. The number of recorded

cells is labeled. Two-way ANOVA tests, *p < 0.05;

n.s., non-significant.

(E) Percentage of DRG neurons showing me-

chanically evoked action potential (AP).

(F–H) Scatterplots of the threshold for mechani-

cally evoked action potential (F), the resting

membrane potential (G), and rheobase (H) of the

indicated cell types.

Each bar represents means ± SEM, and the

recorded cell number is labeled above the bar.

Unpaired Student’s t test; *p < 0.05; n.s., non-

significant.
To quantify the extent of EGFP-Piezo1 expression in DRG neu-

rons, we directly examined the expression of GFP-Piezo1 and

mCherry in cultured DRG neurons derived from TGfloxed-mCherry

and Piezo1-TGAdv1 mice. Remarkably, all live TGfloxed-mCherry

neurons were mCherry positive, whereas none of them was

GFP positive (Figure 3H). In contrast, �75% of Piezo1-TGAdv1

neurons were GFP positive, whereas �25% were mCherry pos-

itive (Figure 3I), consistent with the characterized efficiency of

the Advillin-Cre1 mice (Zappia et al., 2017). Together, these

data demonstrate that Advillin-Cre1 induces EGFP-Piezo1

expression in a large portion of DRG neurons in Piezo1-TGAdv1

mice.

Advillin-Cre-Dependent Expression of EGFP-Piezo1
Induces MA IA Currents and Action Potential in DRG
Neurons
We next examined whether the ectopically expressed EGFP-

Piezo1 proteins can mediate MA currents in primarily cultured

DRG neurons. Consistent with previous reports (Coste et al.,

2010; Hu and Lewin, 2006), we observed three distinct MA cur-

rents showing RA (inactivation constant t < 10 ms), IA (10 ms <

t < 30 ms), and SA (t > 30 ms) kinetics (Figure 4A). WT DRG neu-

rons have �31%, 25%, and 20% of RA, IA, and SA currents,

respectively (Figure 4B). Notably, compared with WT DRG neu-

rons, Piezo1-TGAdv1 DRG neurons have more than a 2-fold in-

crease of IA neurons (�57%) (Figure 4B). The percentages of

RA andSA neuronswere reduced to�23%and 9%, respectively
Cell Repo
(Figure 4B). The observation that some

neurons still had RA and SA currents

might be due to the lack of Piezo1 expres-

sion in those neurons. In line with that,
further analysis of Piezo1-TGAdv1 GFP� and GFP+ neurons

revealed that all GFP+ neurons responded to mechanical stimu-

lation, with �83% showing IA currents and 13% showing RA

current (Figure 4B). Given that the mRNA level of Piezo2 was

not affected in the Piezo1-TGAdv1 mice (Figure S5A), fewer

Piezo1-TGAdv1 neurons showing RA current was most likely

due to the IA current of Piezo1 masking the underlying Piezo2

current. In contrast, the GFP� neurons showed similar percent-

ages of MA neurons as that from the control mice (Figure 4B),

suggesting that those currents are mediated by endogenously

expressed MA channels. The small portion of GFP-positive

neurons showing RA current might be due to the high expression

of endogenous Piezo2, whose current could not be masked by

the ectopically expressed Piezo1 current. Together, these data

suggest that EGFP-Piezo1 is non-preferentially expressed in all

three types of neurons.

We analyzed the current properties of WT and Piezo1-TGAdv1

GFP+ DRG neurons. The amplitude of IA currents was signifi-

cantly increased in Piezo1-TGAdv1 GFP+ DRG neurons, whereas

that of RA and SA currents was unchanged (Figure 4C). Further-

more, the threshold for mechanically induced currents was not

affected in all three types of currents by ectopic expression of

EGFP-Piezo1 (Figure 4D). Notably, the activation threshold for

RA, IA, and SA currents was similar (Figure 4D).

We next examined the effect of ectopic expression of Piezo1

on DRG excitability. Approximately 90% of Piezo1-TGAdv1 neu-

rons generated mechanically induced action potential (AP),
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Figure 5. Behavioral Responses of TGFloxed-

mCherry and Piezo1-TGAdv1 Littermates

(A) Scatterplot of the body weight.

(B) Scatterplots of the percentage of paw with-

drawal in response to the indicated Van frey fila-

ment stimulation.

(C) Scatterplot of the percentage of paw with-

drawal in response to brush.

(D) Scatterplot of the latency to fall in the Rotarod

test.

(E) Scatterplot of the threshold in response to the

Randall-Selitto test.

(F) Scatterplot of the paw withdrawal latency in

response to the hot plate test.

(G) Scatterplot of the jump latency in response to

the cold plate test.

Each bar represents means ± SEM, and the

number of tested mice is labeled above the bar.

Unpaired Student’s t test; *p < 0.05, **p < 0.01;

n.s., non-significant.
compared with �71% of WT neurons (Figure 3E). This is consis-

tent with�89%of Piezo1-TGAdv1 neurons and�76%ofWT neu-

rons displaying mechanically induced currents (Figure 4B). In

addition, compared with WT neurons, the threshold for inducing

action potential in Piezo1-TGAdv1 neurons was slightly reduced

(Figure 4F). Piezo1-TGAdv1 neurons had comparable resting

membrane potentials (Figure 4G) and current-induced mem-

brane excitability asWTDRG neurons had (Figure 4H), indicating

that the expressed EGFP-Piezo1 protein was not constitutively

open in the absence of externally applied force. Together, these

data suggest that ectopic expression of EGFP-Piezo1 potenti-

ates MA IA currents and action potential in DRG neurons, result-

ing in a greater proportion of IA mechanosensitive neurons.

Advilin-Cre1-Dependent Expression of EGFP-Piezo1 in
Mice Sensitizes Gentle Touch Behaviors
We examined the behavioral responses of the Piezo1-TGAdv1

mice and the TGfloxed-mCherry control littermates with similar

body weights (Figure 5A). To specifically assay the light-touch

response, we recorded the paw-withdrawal frequency in

response to either a gentle punctate stimulation with 0.04 g or

0.07 g of a von Frey filament or a dynamic brush stimulation. In

both assays, the Piezo1-TGAdv1 mice showed significantly

increased responses compared with the TGfloxed-mCherry mice

(Figures 5B and 5C). For instance, at both 0.04 g and 0.07 g of

stimulation, the response of the Piezo1-TGAdv1 mice was

increased about 2-fold compared with the TGfloxed-mCherry mice

(Figure 5B). The TGfloxed-mCherry and Piezo1-TGAdv1 mice had

56% and 86% of paw-withdrawal response upon brushing the

paw, respectively (Figure 5C). These data suggest that Piezo1-

TGAdv1 mice have sensitized light-touch responses.

We next examined their locomotor activities using the Rotarod

assay and found no significant difference in latency between the
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two groups of mice (Figure 5D), indicating

normal locomotor activities of the Piezo1-

TGAdv1 mice. We further performed the

Randall-Selitto experiment to test me-
chanical pain responses. The TGfloxed-mCherry and Piezo1-TGAdv1

mice exhibited similar thresholds, indicating no behavioral differ-

ence in response to mechanical pain stimulation (Figure 5E). We

also assayed the noxious temperature response using a hot

plate at 50�C or a cold plate at 0�C. The two groups of mice

had similar thermal sensitivity (Figures 5F and 5G). Moreover,

we found that the sensory neuron innervation into either the

back skin (Figures S5C and S5D) or footpad (Figures S5E and

S5F) and the projection into the dorsal horn of the spinal cord

(Figure S5G) were not different between the two groups of

mice. These data exclude the possibility that Piezo1 overexpres-

sion led to a gross developmental defect of the somatosensory

system. Taken together, our data suggest that Advillin-Cre1-

dependent expression of Piezo1 in sensory neurons specifically

sensitizes gentle-touch behaviors.

Advillin-Cre1-Dependent Expression of EGFP-Piezo1
Rescues Defective Touch and Proprioception of the
Piezo2cKO Mice
Wenext askedwhether ectopic expression of Piezo1 in DRG neu-

rons was sufficient to rescue Piezo2-mediated gentle touch and

proprioception.We, therefore, simultaneouslyknockedoutPiezo2

and ectopically expressed Piezo1 by generating the Piezo2fl/fl/

TGfloxed-mCherry/Advillin-Cre1 (Piezo2-cKO/Piezo1-TGAdv1) mice.

Similar to the Piezo1-TGAdv1 mice, the Piezo2cKO/Piezo1-TGAdv1

mice had GFP-Piezo1 expression in DRG (Figure S2D) and nerve

endings in the skin (Figure S2E). DRG neurons derived from Pie-

zo2cKO/Piezo1-TGAdv1 showed decreased Piezo2 mRNA levels

and RA neurons (Figures S2A and S2B) but enhanced IA neurons

(Figure S2B), consistent with simultaneous deletion of Piezo2 and

ectopic expression of EGFP-Piezo1. Remarkably, compared with

the Piezo2cKO mice with the defective touch and proprioceptive

behaviors, the Piezo2cKO/Piezo1-TGAdv1 mice had almost fully



Figure 6. Behavioral Responses of Piezo1-

TG and WT Littermate Controls

(A) Bright field, GFP, and mCherry fluorescent im-

ages of cultured DRG neurons derived from the

Piezo1-TG mice. Notably no cells expressed

mCherry instead of EGFP-Piezo1. Representative

images from three experiments. Scale bar, 50 mm.

(B) Scatterplot of the body weight.

(C) Scatterplot of the latency to fall during a

consecutive 4 days of the Rotarod test.

(D) Scatterplot of the percentage of paw with-

drawals in response to the indicated series of von

Frey filament stimulation.

(E) Scatterplot of the percentage of paw with-

drawal in response to brush.

(F) Scatterplot of the threshold in response to the

Randall-Selitto test.

(G) Scatterplot of the paw withdrawal latency in

response to the hot plate test.

Each bar represents means ± SEM, and the

number of tested mice is labeled above the bar.

Unpaired Student’s t test for (B) and (E)–(G). Two-

way ANOVA for (C) and (D), *p < 0.05, **p < 0.01,

***p < 0.01.
restored sensation of gentle touch and proprioception, as exam-

ined by the comprehensive behavioral assays shown in Figures

2A–2C and 2E–2K. However, the sensitized sensation of mechan-

ical pain upon Piezo2 knockout was not rescued by the ectopic

expression of Piezo1 (Figure 2D), which appears to be in line

with Advillin-Cre1-dependent expression of EGFP-Piezo1 not

affecting the mechanical pain response (Figure 5E). These data

suggest that the ectopically expressed EGFP-Piezo1 protein is

sufficient in rescuing the in vivo roleof endogenousPiezo2 inmedi-

ating gentle touch and proprioception.

Constitutive Expression of EGFP-Piezo1 Sensitizes
Touch but Reduces Mechanical Pain
Given that sensing gentle touch is mainly dependent on Piezo2-

mediated RA currents, it is unexpected that Piezo1-mediated

IA currents specifically affect gentle touch but not mechanical

pain behaviors in the Piezo1-TGAdv1 and Piezo2cKO/Piezo1-

TGAdv1 mice. We wondered whether the unchanged mechanical

pain behavior of the Piezo1-TGAdv1 mice might be due to EGFP-

Piezo1 not being expressed ectopically in neurons that are spe-

cifically involved in sensing mechanical pain (�25% of Piezo1-

TGAdv1 neuronsdonot haveectopic expressionof EGFP-Piezo1).
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To test that possibility, we examined the

constitutive Piezo1-TGmice, which, strik-

ingly, had all DRG neurons expressing

EGFP-mPiezo1 (Figures 6A and S6A).

Piezo1-TGmice had reducedbodyweight

compared with WT control littermates

(Figure 6B), which could be due to either

expression of Piezo1 in all DRG neurons

and/or its global expression in other tis-

sues (Figure S4C). Nevertheless, they

behaved similarly during a consecutive

4 days of Rotarod test (Figure 6C), indi-
cating normal locomotor activities of the Piezo1-TG mice. Using

serial von Frey filaments ranging from 0.07 to 2.0 g, Piezo1-TG

mice showed drastically increased paw-withdrawal frequency

from0.07 to 1.0 g of von Frey stimulation comparedwithWT con-

trol mice (Figure 6D). The two groups ofmice behaved similarly at

1.4 and 2.0 g of stimulation (Figure 6D). Piezo1-TG mice also

showed enhanced response to dynamic light-touch stimulation

via brushing of their paw (Figure 6E). Thus, in line with the

Piezo1-TGAdv1 mice, the Piezo1-TG mice displayed remarkably

sensitized touch-sensing behaviors.

Intriguingly, the Piezo1-TG mice showed an increased

threshold in the Randall-Selitto test compared with WT control

mice (Figure 6F), suggesting decreased sensitivity to painful me-

chanical stimulation. Piezo1-TG mice also showed prolonged

withdrawal latency in the 50�C hot-plate test (Figure 6G), indi-

cating decreased noxious heat sensitivity. The observation that

the Piezo1-TGmice had impaired heat response raises the ques-

tion of whether ectopic expression of Piezo1 in somatosensory

neurons might modify the innervation of the DRG neurons to pe-

ripheral skin and the central dorsal horn of the spinal cord. How-

ever, we found that the sensory neuron innervation into either the

back skin (Figures S6B and S6C) or footpad (Figures S6D and
orts 26, 1419–1431, February 5, 2019 1427



Figure 7. Piezo1-TGAdv2 Mice Display Sup-

pressed Pain Responses

(A) Bright field, GFP, and mCherry fluorescent im-

ages of cultured DRG neurons derived from the

Piezo1-TGAdv2 mice. Notably only a very few cells

expressed mCherry instead of EGFP-Piezo1.

Representative images from three experiments.

Scale bar, 50 mm.

(B) Scatterplot of the latency during a Rotarod test.

(C) Scatterplot of paw-withdrawal threshold during

the Randall-Selitto mechanical pain test. Data from

three cohorts of mice were combined.

(D) Scatterplot of paw-withdrawal latency upon a

50�C hot-plate test.

(B)–(D) Each bar represents means ± SEM, and the

number of tested mice is labeled above the bar.

One-way ANOVA with Dunn’s comparison to the

Piezo1-TGAdv2 mice, *p < 0.05, *p < 0.01; n.s., non-

significant.
S6E) and projection into the dorsal horn of the spinal cord (Fig-

ure S6F) were not apparently different between the two groups

of mice. Together, the Piezo1-TG mice have sensitized gentle-

touch behaviors but reduced painful responses to noxious

mechanical and heat stimulation.

Advillin-Cre2-Dependent Expression of EGFP-Piezo1 in
Nearly All Sensory Neurons Suppresses, Rather than
Evokes, Mechanical Pain
To verify that the suppressive effect of EGFP-Piezo1 in mechan-

ical pain was due to its ectopic expression in sensory neurons

rather than in other tissues, we used the Advillin-Cre2 line (da

Silva et al., 2011), which appears to show greater Cre activity,

as described above. We mated the TGfloxed-mCherry female mice

with the Advillin-Cre2 male mice to generate the Piezo1-TGAdv2

mice. Piezo1-TGAdv2 mice DRG sections had robust EGFP-

Piezo1 expression (Figure S7A). Remarkably, cultured DRG neu-

rons derived fromPiezo1-TGAdv2mice were�95%GFP positive,

and only a few neurons expressed mCherry (Figure 7A). Impor-

tantly, when compared with littermate control mice, including

WT, Advillin2, and TGfloxed-mCherry mice, Piezo1-TGAdv2 mice

had normal locomotor activities, as assayed by the Rotarod

test (Figure 7B), but an increased threshold in response to Ran-

dall-Selitto-evoked mechanical pain (Figure 7C), indicating sup-

pressed sensitivity to mechanical pain. Furthermore, Piezo1-

TGAdv2 mice also had prolonged withdrawal latency in the

50�C hot-plate assay (Figure 7D). However, the innervation of

the sensory neuron into both the skin and spinal cord of the

Piezo1-TGAdv2 mice was not different from that of their littermate

control mice (Figures S7B–S7F). We are not completely clear at

this point why the Piezo1-TG and Piezo1-TGAdv2 mice have

reduced noxious heat responses as well. It might be possible

that contacting the floor by the mice during the measurement
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of noxious heat response might simulta-

neously recruit touch stimulation, leading

to touch-evoked inhibition of the noxious

heat response. Nevertheless, taking

together results from the three inde-
pendent Piezo1 transgenic lines, our data suggest that broad

expression of Piezo1 in DRG neurons suppresses, rather than

evokes, mechanical pain.

DISCUSSION

Mechanosensation of touch and mechanical pain may represent

the most sophisticated and least-understood sensing modalities

within the somatosensory system. Distinct MA cationic currents

of RA, IA, and SA kinetics exist in about 70%–80% of cultured

DRG neurons (Figure 3B) and are believed to mediate distinct

sensations of touch, proprioception, and mechanical pain.

Furthermore, touch and pain are interactive, as evidenced by

the well-known phenomenon that touch inhibits acute pain in

humans. However, how the distinct, but interactive, touch and

mechanical pain are encoded at the initial mechanotransduction

sites is poorly understood. In the present study, we have not only

demonstrated the sufficiency of theMAPiezo channels in specif-

ically conferring touch sensation but also recapitulated the inhib-

itory effect of touch on pain in mouse models through tuning the

Piezo-mediated touch sensitivity.

A major breakthrough in our understanding of the molecular

mechanism of mechanosensation has come from the discovery

of the MA Piezo2, which mediates RA currents in DRG neurons

(Coste et al., 2010). Piezo2 is expressed in more than 95% of

LTMRs marked by NFH, TrkB, TrkC, and Calb1 (Figure 1). Inde-

pendent characterizations of sensory neuron-specific Piezo2-

conditional KO mice using different Cre lines have unanimously

revealed the critical role of Piezo2 in sensing gentle touch and

proprioception (Figure 2) (Ranade et al., 2014; Woo et al.,

2015). Furthermore, two recent studies have consistently

demonstrated that Piezo2 is also essential for mediating tactile

allodynia in mice (Murthy et al., 2018; Szczot et al., 2018).



Importantly, it has been verified that Piezo2 is required for

sensing gentle touch, proprioception, and tactile allodynia in hu-

mans as well (Szczot et al., 2018). These studies have collec-

tively established Piezo2 as the primary mechanotransduction

channel for the sensation of touch and proprioception.

Whether Piezo2 functions as the mechanotransduction chan-

nel for sensing mechanical pain has been ambiguous. Using a

tamoxifen-inducible Advilin-CreERT2 mouse to delete Piezo2

in �82% of Piezo2-positive DRG neurons in adult mice, Ranade

et al. (2014) have reported that the Piezo2cKO mice had striking

behavioral defects in gentle-touch sensation, but no changes

in mechanical pain responses. In contrast, a more robust dele-

tion of Piezo2 in sensory neurons using the HoxB8-Cre mice

resulted in not only defective touch and proprioception but

also partially impaired mechanical pain response (Murthy et al.,

2018). However, ex vivo skin-nerve recordings found that only

the firing frequency, but not the number of the nociceptive Ad

and C-fibers with mechanical responses was reduced in the

HoxB8-Cre-dependent Piezo2 KO mice (Murthy et al., 2018). In

another studywith the use of in vivoCa2+ imaging of primary sen-

sory neurons, Szczot et al. (2018) found that Piezo2 KO neurons

were completely insensitive to gentle touch but retained normal

response to noxious mechanical stimuli. Importantly, human

patients with loss-of function mutations in Piezo2 responded

normally to noxious mechanical stimuli but failed to develop

tactile allodynia after skin inflammation (Szczot et al., 2018).

Thus, this study suggests that Piezo2 is dispensable formechan-

ical nociception but critical for touch and mechanical allodynia

(Szczot et al., 2018).

In the present study, we have obtained the following evidence

to support that Piezo2 might not function as the major mechano-

transduction channel for directly sensing mechanical pain. First,

we found that Piezo2 was expressed in more than 90% of IB4-

positive DRG neurons (Figure 1). Previous studies have shown

that ablation of �82% of IB4-positive DRG neurons specifically

impaired the mechanical pain response, suggesting that IB4-

positive DRG neurons contain the major type of mechano-noci-

ceptors (Cavanaugh et al., 2009). However, despite the striking

deletion of Piezo2 in more than 97% of the IB4-positive DRG

neurons in the Advillin-Cre1-dependent Piezo2cKO mice (Fig-

ure 1B), we observed sensitized, rather than reduced, mechani-

cal pain response (Figure 2D). For comparison, deletion of

Piezo2 in 40%–60% of LTMRs in the Advillin-Cre1-dependent

Piezo2cKO mice is sufficient to cause behavioral defects in

sensing gentle touch and proprioception (Figures 1 and 2). These

data suggest that Piezo2 is unlikely to directly mediate mechan-

ical pain responses in the IB4-positive mechano-nociceptors.

Piezo2 is also expressed in �70% of CGRP-positive nocicep-

tors, which was reduced to �40% in the Advillin-Cre1-depen-

dent Piezo2cKO mice (Figure 1). However, a previous study has

shown that ablation of the CGRP-positive neurons specifically

affected noxious heat sensation but not mechanical pain

response (McCoy et al., 2013). Thus, although we could not

totally exclude the possibility that the remaining Piezo2 in the

CGRP-positive neurons might mediate the sensitized mechani-

cal pain response in the Advillin-Cre1-dependent Piezo2cKO

mice, this appears not highly likely. Second, using the Advillin-

Cre1 driver line that show high Cre-dependent deletion in IB4-
positivie neurons, ectopic expression of Piezo1 in the Piezo1-

TGAdv1 mice specifically sensitizes touch and proprioception

but not mechanical pain (Figure 5). Third, when we simulta-

neously deleted Piezo2 and ectopically expressed Piezo1

by generating the Piezo2cKO/Piezo1-TGAdv1 mice, we found

that Piezo1 was able to rescue Piezo2-mediated gentle touch

and proprioception. Given our data that the Advillin-Cre1-depen-

dent Piezo2cKO mice have nearly complete deletion of Piezo2 in

the IB4-positive mechano-nociceptors, the Piezo2cKO/Piezo1-

TGAdv1 mice were expected to have deleted Piezo2 and

ectopically expressed Piezo1 in the IB4-positive mechano-

nociceptors (Figures 1 and 3). However, the sensitized mechan-

ical pain response of the Piezo2cKO mice was not rescued in

the Piezo2cKO/Piezo1-TGAdv1 mice upon expression of Piezo1

(Figure 2).

The intriguing observation that the Advillin-Cre1-mediated

Piezo2cKO mice had sensitized, rather than decreased, mechan-

ical pain response (Figure 2D) has led us to hypothesize that the

Piezo2-mediated gentle-touch sensation might have an inhibi-

tory effect on mechanical pain. Using optogenetics to selectively

activate nociceptors and LTMRs in mice, Arcourt et al. (2017)

have elegantly demonstrated that concurrent activation of

LTMRs is able to alleviate nociceptor-mediated pain responses.

It is likely the defective touch upon Piezo2 deletion might relieve

the inhibitory effect on the pain transduction pathway, resulting

in sensitized pain responses. In line with this hypothesis, we

have observed that ectopic expression of Piezo1 in Piezo1-TG

mice had sensitized touch but decreased pain responses (Fig-

ure 6). Thus, through tuning Piezo-mediated touch sensitivity,

we recapitulated the inhibitory effect of touch on pain in mouse

models. Interestingly, a recent study has shown that Merkel

cell-specific Piezo2 KO mice have sensitized mechanical itch

behaviors (Feng et al., 2018). Given that Merkel cell-specific

knockout of Piezo2 also impairs gentle-touch sensation (Woo

et al., 2014), Piezo2-mediated touch might also suppress me-

chanical itch.

The observation that ectopic expression of Piezo1 and the re-

sulting IA currents in DRG neurons sensitized touch but did not

evokemechanical pain is rather surprising. DRGneurons derived

from Piezo1-TGAdv1 mice showed increased IA currents and

reduced threshold for mechanically induced action potentials

(Figure 4). These data suggest that ectopic expression of Piezo1

increases the mechanically induced excitability in DRG neurons,

which might explain the sensitized touch behaviors of the

Piezo1-TGAdv1 mice. Given the prominent role of Piezo2 in touch

sensation, ectopic expression of the IA Piezo1 in Piezo2-ex-

pressing LTMRs will lead to the sensitization of touch. This ap-

pears to be consistent with the observation that ectopic expres-

sion of Piezo1 was able to rescue the defective touch and

proprioception of the Advillin-Cre1-mediated Piezo2cKO mice

(Figure 2).

The three independent Piezo1 transgenic lines, including

Piezo-TGAdv1, Piezo-TGAdv2, and Piezo1-TG, have EGFP-Piezo1

ectopically expressed in �75%, 95%, and 100% of DRG neu-

rons (Figures 3I, 6A, and 7A), respectively. Furthermore, EGFP-

Piezo1 expression was detected in IB4+ or CGRP+ small neurons

(Figures 3F and 3G), indicating expression in nociceptors. Thus,

these data suggest that Piezo1 of IA current properties is not
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sufficient for conferring mechanical pain sensation in sensory

neurons, which is in line with the observation that Piezo2

expressed in IB4-positive neurons is not involved in mediating

mechanical pain response (Figure 2). Thus, the endogenous

IA or SA currents of unknown identities might have a non-redun-

dant role in mediating the mechanical pain response. However,

despite DRG neurons derived from TRPA1 KO mice lacking

SA currents (Vilceanu and Stucky, 2010), the KO mice had spe-

cific deficits in sensing light touch instead of mechanical pain

(Zappia et al., 2017). Furthermore, the RA, IA, and SA currents

appear to have comparable thresholds for mechanically induced

currents (Figure 4D). Thus, these observations collectively

suggest that IA and SA currents might not serve as specific

functional markers of mechano-nociceptors and behavioral re-

sponses of mechanical pain. Given that the inactivation kinetics

of Piezo2 could be slowed by phosphorylation (Dubin et al.,

2012), alternative splicing (Szczot et al., 2017), and disease-

causing mutation (Coste et al., 2013), results derived from the

study of the Piezo1 transgenic mice have led us to speculate

that such modifications might mainly affect Piezo2-mediated

touch and proprioception but not the mechanical pain response.

In line with that, apparent changes in pain sensitivity have

not been reported for human patients with gain-of-function

mutations in Piezo2. Alternatively, simultaneous expression

and activation of Piezo1 in touch-mediating mechanoreceptors

and mechano-nociceptors might mask the mechanical pain

response. Indeed, the Piezo1-TG mice have sensitized touch

behaviors but suppressedmechanical pain responses (Figure 6).

The Advillin-Cre-dependent ectopic expression of Piezo1 and

conditional deletion of Piezo2 does not allow us to elucidate

the specific cell types that determine the Piezo-mediated sensi-

tization of touch behaviors, which clearly requires future studies

with neuronal type-specific Cre driver lines. Regardless of the

exact mechanism, we speculate that mechano-nociceptors

might possess specialized features, such as anatomical struc-

tures, firing properties, or connectivity, to enable designated

sensation of mechanical pain.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines
All animal study studies were conducted in accordance with the Institutional Animal Care and Use Committee (IACUC) guidelines

provided by Tsinghua University. All animals were maintained in the Tsinghua University animal research facility, which is accredited

by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC).

To generate the Cre-dependent Piezo1 transgenic mice, the transgene containing the CAG promoter, two LoxP sites that flanking

themCherry-encoding sequence with a stop codon, and the downstream sequence encoding themouse Piezo1 with an N-terminally

fused enhanced green fluorescent protein (eGFP) (eGFP-Piezo1 fusion protein) was cloned into the PCDNA3.1 (-) (Figure 2A). The

construct was verified by both sequencing and testing the expression of mCherry or eGFP-Piezo1 in the absence and presence

of the co-expression of Cre (Figure S3A). The transgene fragment was linearized with the MfeI and AvrII restriction enzymes and

injected into the zygotes derived from C57BL/6 mice. Three independent founders were identified from 34 pups by PCR using mul-

tiple sets of primers. One verified founder termed TGfloxed-mCherry was used in the study.

The TGfloxed-mCherry mice were mated with the EIIa-Cre mice to obtain germline transmitted constitutive Piezo1 transgenic mice,

which was termed Piezo1-TG. To obtain sensory neuron specific Piezo1 transgenic mice, two previously independently described

Advillin-Cre mice lines, including the Heppenstall Advillin-Cre line (Zurborg et al., 2011) and the Wang Advillin-Cre line (male mice

were used) (da Silva et al., 2011), were used and referred as Advillin-Cre1 and Advillin-Cre2 respectively in the present study. The

TGfloxed-mCherry mice were mated with either Advillin-Cre1 or Advillin-Cre2 mice, resulting in the generation of the Piezo1-TGAdv1

and Piezo1-TGAdv2 mice, respectively.

The previously described Piezo2fl/fl mice (Ranade et al., 2014) were generously provided by Dr. Ardem Patapoutian from the

Scripps Research. The Piezo2fl/fl mice were crossed with Piezo2fl/fl/TGfloxed-mCherry/Advillin-Cre1 mice to obtain Piezo2fl/fl, Pie-

zo2fl/fl/Advillin-Cre1 (Piezo2cKO), Piezo2fl/fl/TGfloxed-mCherry/Advillin-Cre1 (Piezo2cKO/Piezo1-TGAdv1) littermates for experimental

tests.

Culture of DRG neuron
4-8 weeks mice were anesthetized by avertin and then sacrificed. DRGs were dissected carefully on ice within half hour. The

dissected DRGs were sequentially incubated in 1.25% collagenase IV (GIBCO, 17104-019) for 1 hour, then 1.25unit/ml papain

(Worthington, LS003126) for half hour, and gently triturated in medium without serum. The cell suspension solution was

centrifuged through a 15% BSA gradient. DRGs were cultured on coverslips coated with poly-D-lysine (Beyotime, C0312) and

laminin (Sigma, L2020) in the DMEM/F-12 medium supplemented with 10% heat-inactivated horse serum, 100 U/ml penicillin–

streptomycin, 100 ng/ml nerve growth factor (Invitrogen, 13257019), and 5 ng/ml glial-derived neurotrophic factor (Invitrogen,

PHC7044). The cultured DRG neurons were maintained in a humidified atmosphere (5% CO2, 37�C) for 12-24 h before

experiments.
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METHOD DETAILS

Immunofluorescent staining
The previously described protocol was adopted (Arcourt et al., 2017). DRGs were dissected from mice perfused with 20 mL cold

PBS and 20 mL 4% PFA, then fixed in 4% PFA for 30 min in ice, and incubated overnight in 30% sucrose at 4�C. The processed

DRGs were then embedded in Tissue-Tek O.C.T compound and cryo-sectioned into 10 mm sections. Back skins or footpads were

dissected from anesthetized mice, and quickly fixed with methanol/acetone (1:1) for 30 min at �20�C, or with Zamboni solution

for 2 hours at room temperature, then washed four times and incubated in 30% sucrose at 4�C overnight. The processed skin or

footpad samples were then embedded in O.C.T, frozen with liquid nitrogen and cryo-sectioned into 50 mm sections. Before stain-

ing, DRGs and skin sections were dried in room temperature for 1 hour, then washed with PBS containing 0.2% Triton X-100

three times for 10 min each time, and blocked in PBS with 0.1% Tween-20 (PBST) and 10% serum for one hour. The sections

were incubated with primary antibody (diluted in blocking buffer) at 4�C for overnight, washed with PBST three times, and

subsequently incubated with secondary antibodies for 2 hours at room temperature. After washed with PBST three times, the

sections were incubated with DAPI, dried and mounted with Fluoromount-G (SouthernBiotech). Primary antibodies used: rabbit

anti- GFP (Thermo, A11122, 1:1000), chicken anti-GFP (Aves Labs, GFP- 1020, 1:1000), chicken anti-NFH (Aves Labs, NFH,

1:1000), biotin IB4 (Thermo, I21414, 1:1000), rabbit anti-CGRP (immunostar, 24112, 1:1000). Secondary antibody used:

AlexaFluor-488 donkey anti-rabbit (Thermo 1:500), AlexaFluor-594 donkey anti-rabbit (Thermo 1:500), AlexaFluor-488 donkey

anti-chicken (Jackson lab, 703-545-155), Cys3 donkey anti-chicken (Jackson lab, 703-165-155), Streptavidin Alexa Fluor� 488

(Jackson lab, 016-540-084).

In situ hybridization with immunofluorescent staining
Piezo2 in situ hybridization was performed on fixed DRG sections using RNAscope technology according to the manufacturer’s

instructions with somemodifications (ACDbio, Kit 323110, Piezo2 probe 439971). When co-stained with IB4, CGRP, TrkC or Calbd1,

RNAscope was performed according to the fixed tissue protocol provided in the manufacturer’s instruction. When co-stained

with TrkB and NFH, it was performed according to the fresh tissue protocol. All immunofluorescent staining was performed after

RNAscope staining, but before DAPI staining. Imageswere acquired usingNikon A1 confocal microscope, and the intensity threshold

for counting the Piezo2 positive cells was set at 10% of the auto intensity value. Antibody used: biotin IB4 (Thermo, I21414, 1:500),

anti-CGRP (immunostar, 24112, 1:1000), anti-NFH (Aves Labs, NFH, 1:500) anti-calb1(R&DSystems, AF3320, 1:500), anti-TrkB (R&D

Systems, AF1494, 1:500), anti-TrkC (R&D Systems, AF1404, 1:500).

Electrophysiology
Patch-clamp experiments were performed using HEKA EPC10 as previously described (Zhao et al., 2016). Approximately

equal numbers of small, medium and large size of DRGs were chosen for recording mechanically-induced currents and action

potentials. The standard external solution contains (inmM): 127NaCl, 3 KCl, 1MgCl2, 10HEPES, 2.5 CaCl2, 10 glucoses (pH adjusted

to 7.3 with NaOH). For voltage-clamp recording, the internal solutionswere used as previous containing (inmM): 133CsCl, 10HEPES,

5 EGTA, 1 CaCl2, 1 MgCl2, 4 MgATP, and 0.4 Na2GTP (pH adjusted to 7.3 with CsOH). For current-clamp recording, the internal

solutions were gluconate-based low chloride intracellular solution containing (in mM): 125 K-gluconate, 7 KCl, 1 CaCl2, 1 MgCl2,

10 HEPES, 1 tetraKBAPTA, 4 Mg-ATP, 0.5 Na-GTP (pH 7.3 with KOH) (Ranade et al., 2014). Borosilicate electrodes had resistances

ranging from 3-5MU. Currents were sampled at 20 kHz, filtered at 5 kHz using Patchmaster software. Mechanical stimulation to

DRGs was delivered at an angle of 80� using a firepolished glass pipette (tip diameter 3 - 4 mm) as described (Zhao et al., 2016).

All the experiments were carried out at room temperature.

RNA extraction and RT-PCR
DRGs were dissected frommice as described above. Total mRNAwas extracted using the TRIzol Reagent (life technologies). 500 ng

mRNA was reverse transcribed in a reaction volume of 10 mL using the PrimerScriptTM RT reagent Kit with gDNA eraser (Takara).

Real-time PCR reactions were conducted using the SYBR� Premix Ex Taq (Takara, RR420) in the ABI step one plus real time

PCR system. Primers used in the experiments:

mGAPDH (forward: GCACCACCAACTGCTTAG; reverse: GGATGCAGGGATGATGTTC),

mPiezo2 (forward: ACTATGCAAGGTTGTTTGGGA; reverse: CACCCTCATCTTCCTTCGCC).

Calibrations and normalizations were done using the 2-DCt method, and GAPDH was used as reference gene in all experiment.

Von Frey and brush test
All behavioral tests were conducted on male mice at age of 8 - 20 weeks, and the investigator was blinded to the genotypes. Mice

were habituated for 30 min one or two days prior to the test. Mice were put in Plexiglas chambers on a wire mesh table, and test was

performed by applying a set of Von frey filaments (bioseb) using the up and down method (Chaplan et al., 1994). The 50% withdraw

threshold was done beginning with a 0.6 g filaments. Light touch test was done by applying a 0.07 g of filament to the mouse hind
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paw, and the withdraw percentage was counted within six trials. Similarly, a soft paint brush was gently applied to the plantar of hind

paw, and withdraw percentage out of six trials was counted.

Tape response test
A modified tape response test was performed as previously described (Ranade et al., 2014). Briefly, mice were habituated in the

Plexiglas chamber for 5 min before test. A small experimental tape (1.7cm 3 1.7cm) was gently sticked to the back of mouse.

Then the mouse was observed for 5 min and the total number of responses was counted. A positive response refers to that when

the mouse bites or scratches the tape or behaves like a ‘‘wet dog shake.’’

Randall–Selitto assay
Mechanical noxious threshold was determined by Randall-Selitto device (IITC). Briefly, mice were restrained in a plastic tube and

allowed for acclimation for 10 min. A slowly increasing pressure was applied to the tail by the blunt tips of the device. The threshold

was recorded until the mouse struggled or flicked its tail. The maximum pressure was set to 250 g for avoidance of tail damage. Four

trails were carried out with 5-10 min intervals and the threshold was calculated by averaging the four trails.

Accelerating rotarod test
Sensorimotor coordination test was assessed as previously described (Duan et al., 2014). Mice were trained on accelerating rotarod

device (Bioseb) for two days. In each training days, mice were allowed to stay on the rotarod at 5 rpm for entail 5 min. If a mouse fell

off, time starts again. After two days training, the mice ran their full test. The rotarod started at 5 rpm and accelerated to 40 rpm over

5 min. The latency of the mice falling of the rotarod was automatically recorded. Each mouse was tested three times with interval of

30 min, and the average was considered as the rotarod latency.

Balance beam test
The balance beam test was conducted as the previously described procedure (Luong et al., 2011). The apparatus consisted of a start

site with a lamp, 1 m beam with 12 mm or 6 mm width and a black box at the end side. The mice were trained to cross the 12 mm

beam, then 6mmbeam twice a day for two days. During training, nestingmaterial was placed in the black box to attract themice, and

a lampwas used to shine light at the starting side as an aversive stimulus. After two days of training, themice were tested to cross the

12 mm and 6 mm beam for two successful trails with 30 min intervals. The beam was cleaned and wiped by 70% ethanol between

trails, and videos were recorded. The latency of a mouse crossing the beam was determined as the time it crossed between 10 cm

and 90 cmof the beam. The number of foot slips was analyzed in video after the experiment. A slip is defined as the foot coming off the

top of the beam. The two successful trials were averaged.

Footprint test
After the fore and hind pawswere coatedwith red and black ink respectively, themice were allowed towalk through a tunnel of 50 cm

long, 9 cm wide, 6 cm high with paper lining the floor. Four parameters were analyzed. Stride length (average distance of forward

movement between alternate steps), hind paw based stride width and forepaw based stride width (average lateral distance between

opposite left and right steps), hind paw and forepaw overlap (average distance between close hind paw and forepaw).

Hot and cold plate test
Noxious thermo sensation was tested using hot and cold plate (Bioseb). The mice were habituated to testing room for half an hour.

For cold plate test, the plate was set to 0�C, and the latency of fore paw lifting, licking or jumpingwas recorded. For hot plate, the plate

was set at 50�C. The latency of hind paw lifting, licking, vocalization or jumping is recorded. 60 swas set as a cutoff time for avoidance

of tissue damage.

QUANTIFICATION AND STATISTICAL ANALYSIS

Co-expression of different DRG markers with Piezo2 mRNA was counted by Fiji. eGFP-Piezo1 expression percentage and co-

expression of eGFP with DRG neuron markers were analyzed using the Imaris. Behavioral tests were analyzed using the GraphPad

Prism. Representative traces of DRG currents were generated by Igor pro and Origin pro. Error bars in all figures represent standard

error of the mean (s.e.m).
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