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Piezo2 is the major transducer of mechanical forces
for touch sensation in mice
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The sense of touch provides critical information about our physical
environment by transforming mechanical energy into electrical
signals1. It is postulated that mechanically activated cation channels
initiate touch sensation, but the identity of these molecules in mam-
mals has been elusive2. Piezo2 is a rapidly adapting, mechanically ac-
tivated ion channel expressed in a subset of sensory neurons of the
dorsal root ganglion and in cutaneous mechanoreceptors known as
Merkel-cell–neurite complexes3,4. It has been demonstrated that Merkel
cells have a role in vertebrate mechanosensation using Piezo2, par-
ticularly in shaping the type of current sent by the innervating sen-
sory neuron4–6; however, major aspects of touch sensation remain
intact without Merkel cell activity4,7. Here we show that mice lacking
Piezo2 in both adult sensory neurons and Merkel cells exhibit a pro-
found loss of touch sensation. We precisely localize Piezo2 to the pe-
ripheral endings of a broad range of low-threshold mechanoreceptors
that innervate both hairy and glabrous skin. Most rapidly adapting,
mechanically activated currents in dorsal root ganglion neuronal cul-
tures are absent in Piezo2 conditional knockout mice, and ex vivo
skin nerve preparation studies show that the mechanosensitivity of
low-threshold mechanoreceptors strongly depends on Piezo2. This
cellular phenotype correlates with an unprecedented behavioural
phenotype: an almost complete deficit in light-touch sensation in mul-
tiple behavioural assays, without affecting other somatosensory func-
tions. Our results highlight that a single ion channel that displays
rapidly adapting, mechanically activated currents in vitro is respons-
ible for the mechanosensitivity of most low-threshold mechano-
receptor subtypes involved in innocuous touch sensation. Notably,
we find that touch and pain sensation are separable, suggesting that
as-yet-unknown mechanically activated ion channel(s) must account
for noxious (painful) mechanosensation.

Dorsal root ganglion (DRG) neurons have pseudounipolar axons that
terminate in the skin where they form specialized mechanoreceptors
that are tuned to detect mechanical forces such as stretch, indentation
and vibration1. A diverse set of low-threshold mechanoreceptors (LTMRs)
are distributed within hairy and glabrous skin. Lanceolate and circum-
ferential endings that contain a mixed population of Ab, Adand C LTMRs
are specific to hairy skin, whereas various corpuscles that consist of rap-
idly adapting Ab LTMRs are unique to glabrous skin1,8. Merkel-cell–
neurite complexes that mediate slowly adapting responses in Ab fibres
are present in both skin types4. Together, these structurally diverse LTMRs
detect mechanical stimuli relevant to innocuous touch sensation.

We had previously shown that Piezo2 was expressed in Merkel-cell–
neurite complexes and that Merkel cells partly contributed to slowly
adapting type I firing4,5,9. Whether Piezo2 was also expressed in other
cutaneous mechanoreceptors and whether it functioned as the primary
mechanotransduction ion channel was not known. We therefore used
a recently generated mouse line, Piezo2-GFP, where green fluorescent

protein (GFP) was fused to the carboxy terminus of Piezo2, to detect lo-
calization of Piezo2 at the site of mechanical transduction: in the nerve
terminals of sensory neurons that project to the skin4. In hairy skin, GFP
expression was found in both lanceolate endings and circumferential
fibres that have varying degrees of myelination and wrap around the
bulge region of hair follicles (Fig. 1a, b). Consistent with our previous
analysis, Piezo2 was expressed in Merkel cells in both hairy and glabrous
skin (Fig. 1c)4,5. In glabrous skin, Piezo2 was also expressed in Meissner’s
corpuscles (Fig. 1d). Overall, Piezo2 expression is found in a broad range
of LTMRs that sense mechanical stimuli relevant to touch sensation.

Constitutive deletion of Piezo2 led to perinatal lethality; therefore, we
used an inducible strategy to delete Piezo2 in adult mice10. The Advil-
creERT2 mouse line allowed for tamoxifen-induced activation of Cre
recombinase under the advillin promoter in sensory neurons and in
epidermal Merkel cells11. We first characterized the expression overlap
in DRGs between Advil-creERT2 and Piezo2 by mating the Advil-creERT2
mouse to the Ai9 tdTomato reporter line. In agreement with a previous
report, we found that 87% of DRG neurons express tdTomato (766 of
876 total cells) (Fig. 2a). Co-expression analysis of tdTomato epifluo-
rescence with anti-Piezo2 antibody staining showed that 82% of Piezo21

cells were also tdTomato1 (343 of 419 cells out of 876 total) (Fig. 2a)4.
We also detected expression of tdTomato in epidermal Merkel cells (data
not shown), indicating the Advil-creERT2 mouse line would lead to de-
letion of Piezo2 in all cell types either proposed or known to be relevant
to somatosensory transduction11. These data further indicated that while
Advil-creERT2 would ablate Piezo2 in most DRG neurons, a small num-
ber of Piezo21/Cre2 neurons might still remain intact. We then mated
the Advil-creERT2 mouse to a previously generated conditional knock-
out (CKO) mouse line, Piezo2fl, and found that Piezo2 expression levels
were similar between genotypes before tamoxifen injections (Fig. 2b,
top). After tamoxifen injections, Piezo2 immunostaining in Piezo2CKO

mice showed a marked decrease in the number of Piezo2-positive DRG
neurons compared to wild-type (Piezo2WT) mice (Fig. 2b, bottom) and
quantitative real-time PCR (qPCR) analysis revealed a ,90% deletion
of overall Piezo2 transcripts in isolated DRG neurons (Fig. 2c).

Previous reports had shown that cultured DRG neurons that were
transfected with small interfering RNA (siRNA) for Piezo2 showed a se-
lective decrease in rapidly adapting, mechanically activated currents3,12.
We determined the sensitivity of cultured DRG neurons from Piezo2CKO

mice to mechanical indentation using a piezoelectrically actuated blunt
glass probe10,13,14. DRGs from Piezo2CKO mice had dramatically fewer
neurons with rapidly adapting whole-cell current responses compared
to controls (Fig. 2d and Extended Data Fig. 1a), and a corresponding
increase in the proportion of mechanically insensitive neurons. There
were no significant effects on intermediately adapting and slowly adapt-
ing currents (Fig. 2d and Extended Data Fig. 1b, c), and there were no
differences between genotypes for access resistance, membrane resistance
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and resting membrane potential (Extended Data Table 1). Notably, we
observed a wide range of low and high apparent thresholds for rapidly
adapting currents in Piezo2WT neurons, while none of the remaining
rapidly adapting responses in Piezo2CKO neurons had low apparent
thresholds (Extended Data Fig. 2). Whether the rapidly adapting activ-
ity in sensory neurons of Piezo2CKO mice is mediated by any remaining
Piezo2 or another mechanically activated channel is not known. None-
theless, these results suggest that Piezo2 accounts for the majority of
rapidly adapting currents in cultured DRG neurons.

In order to confirm that loss of Piezo2 did not affect the integrity of
DRG neurons, we performed immunostaining analyses of DRG neu-
rons using markers of various subpopulations. The expression patterns
of neurofilament heavy polypeptide (Nefh), thymidine hydroxylase (TH)
and calcitonin gene-related peptide (CGRP) were unaffected in Piezo2CKO

DRGs relative to Piezo2WT DRGs (Extended Data Fig. 3a–f). Moreover,
Piezo2WT mice, as well as Piezo2CKO mice, showed normal cutaneous
mechanoreceptor formation including Merkel-cell–neurite complexes
(Extended Data Fig. 4a, d), lanceolate and circumferential endings (Ex-
tended Data Fig. 4b, e, f), and Meissner’s corpuscles (Extended Data
Fig. 4c, g). We also performed calcium imaging in cultured DRG neu-
rons and found no significant differences in the number of capsaicin-
responsive cells between the two genotypes (data not shown).

Loss of mechanically activated currents in cultured DRG neurons is
expected to be associated with a loss of mechanosensitivity of sensory
fibres in the skin15. We tested this using an ex vivo skin nerve prepara-
tion in which mechanically insensitive fibres were identified with an

electrical search technique (Extended Data Table 2)15,16. In Piezo2CKO

mice, 50% of the Ab fibres had no detectable mechanosensitivity com-
pared to less than 10% of Ab fibres from Piezo2WT mice (Fig. 3a). There
was a non-significant decrease in the proportion of Ad fibres in Piezo2CKO

lacking mechanosensitivity, and there was no significant loss of mecha-
nosensitivity in C fibres (,10% in both genotypes) (Fig. 3a). Despite the
marked loss of mechanosensitivity, the axonal conduction velocities of
Ab, Ad and C fibres were unchanged in Piezo2CKO mice compared to
controls (Extended Data Fig. 5a).

We also investigated Ab fibres with a mechanosensitive receptive field
using a series of ramp and hold force stimuli with ramp phases of differ-
ent velocities (Fig. 3b, c). Slowly adapting mechanoreceptors associated
with Merkel cells are known to have a characteristic irregular firing
during static displacement and a prominent dynamic discharge dur-
ing the ramp17. We showed previously that deletion of Piezo2 in Merkel
cells led to reduced firing in the static phase but not the dynamic phase4.
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Figure 1 | Piezo2 is localized at the nerve terminals of sensory neurons
that innervate the skin. a, b, Representative images of immunostaining of
GFP, Nefh and DAPI (49,6-diamidino-2-phenylindole, blue) in the hair follicle
of dorsal skin of Piezo2-GFP mice. GFP staining indicates localization of
the Piezo2–GFP fusion protein and Nefh marks myelinated neurons.
c, Representative image of immunostaining of GFP, Krt8 (a specific marker
of Merkel cells) and DAPI (blue) in glabrous skin of Piezo2-GFP mice.
d, Representative images of immunostaining of GFP and S100 (a marker of
Schwann cells) in glabrous skin. Arrows mark lanceolate endings (a) and
arrowheads mark circumferential fibres (b). Dashed lines demarcate the
epidermal–dermal junction (c and d). Der, dermis; Epi, epidermis;
HS, hair shaft. Scale bars, 20mm.
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Figure 2 | Advil-creERT2 mediates efficient deletion of Piezo2 and leads
to specific loss of rapidly adapting, mechanically activated currents in
cultured DRG neurons. a, Immunostaining of DRG neurons from tamoxifen-
treated Advil-creERT2 3 Ai9 mice for tdTomato epifluorescence and anti-
Piezo2 antibody. Arrowheads indicate the relatively few tdTomato2/Piezo21

neurons that would presumably not be deleted in Piezo2CKO mice.
b, Representative images of immunostaining using anti-Piezo2 antibody in
DRGs from Advil-creERT23 Piezo2loxP mice before and after tamoxifen
treatment. c, qPCR of Piezo2 from isolated DRGs from Piezo2WT and
Piezo2CKO mice with Piezo2WT values normalized at 100% (n 5 3 independent
experiments, P , 0.0001, Student’s t-test). d, The proportion of DRG neurons
responding with rapidly (RA, tinact , 10 ms), intermediately (IA, tinact

10–30 ms) and slowly (SA, tinact . 30 ms) adapting mechanically activated
currents from Piezo2WT and Piezo2CKO littermates. NR, non-responsive to
displacements of at least one-third cell diameter; NS, not significant.
Results from n 5 3 independent experiments. Error bars represent s.e.m.,
***P , 0.0001 for rapidly adapting and ***P , 0.0005 for non-responsive,
Student’s t-test. Scale bars, 100mm (a, b).
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Here, most slowly adapting mechanoreceptors encountered in Piezo2WT

(22 of 31 fibres) and Piezo2CKO (7 of 10 fibres) could be classified as
probably slowly adapting type I fibres (SAM I) associated with Merkel
cells (Extended Data Table 2)17,18. Notably, the characteristic dynamic
response of SAM I fibres recorded from Piezo2CKO mice was almost

absent compared to controls with all velocity ramps tested (Fig. 3b–d);
in addition, these fibres displayed markedly reduced static responses.
The prominent deficit in slowly adapting Ab fibres described here is
consistent with the hypothesis that Piezo2 in both Merkel cells and sen-
sory afferents contributes to SAM I firing activity4,5. Rapidly adapting
mechanoreceptors that innervate hair follicles also increase their firing
rates with increasing stimulus speed19. This velocity sensitivity was almost
absent in the remaining rapidly adapting mechanoreceptors encoun-
tered in Piezo2CKO mutant mice (Fig. 3e).

Examination of the mechanical thresholds and stimulus response func-
tions of Ad and C fibres revealed that Ad mechanonociceptors exhib-
ited elevated thresholds (Fig. 3f and Extended Data Fig. 5b), but the
mechanosensitivity of C-fibre nociceptors were unaffected in Piezo2CKO

mutant mice (Fig. 3f and Extended Data Fig. 5c). Mechanoreceptors
called D-hairs with Ad-fibre axons were encountered less frequently in
Piezo2CKO mutant mice compared to controls but this did not reach sta-
tistical significance (Fisher’s exact test, P . 0.1) (Extended Data Table 2),
but the four fibres encountered showed stimulus response properties
indistinguishable from those in controls (Extended Data Fig. 5d). Most
C fibres are polymodal and respond to chemical and thermal stimuli in
addition to mechanical pressure. Using a Peltier device, the thermal sen-
sitivity of C fibres was tested, and both heat threshold for the first spike
and the mean firing rates to the standard heat stimulus (ramp 1 uC per s,
32–48 uC) were unchanged in Piezo2CKO mutant mice compared to con-
trols (Fig. 3g and Extended Data Fig. 5e). Noxious cold sensitivity of
Piezo2CKO mutant C fibres was also unaffected (data not shown). We
and others have recorded C fibres with very low mechanical thresholds
in hairy skin, but their rarity precluded a detailed analysis as we did not
encounter any in our control sample (Extended Data Table 2).

Our electrophysiological findings from hairy skin demonstrate that
mechanosensitivity of DRG neurons to low threshold forces is predom-
inately mediated by Piezo2; however, the mechanosensitivity of most
nociceptors is largely unaffected in Piezo2CKO mice. Any remaining me-
chanosensitivity in Piezo2CKO Ab fibres could be due to incomplete Piezo2
ablation in Piezo2CKO mice or the presence of as-yet-unidentified mech-
anically activated ion channels. Our finding of an elevation in the mean
mechanical threshold for activation of Admechanonociceptors suggests
that Piezo2 may contribute partly to mechanosensitivity of these neu-
rons, a finding consistent with recent data indicating that single sens-
ory neurons often possess multiple mechanosensitive currents20.

We next performed a battery of behavioural assays to test innocuous
and noxious mechanical and thermal sensitivities of Piezo2CKO mice. We
tested for the ability of Piezo2CKO mice to detect von Frey filaments of
varying forces applied to their hind paws21. Whereas Piezo2WT mice
showed a linear increase in detection of von Frey filaments from 1.0 g
to 5.5 g, Piezo2CKO mice were severely impaired in their ability to re-
spond to forces below 4.0 g (Fig. 4a, see Methods for an explanation of
the units used). Notably, Piezo2CKO mice showed no differences in sens-
ing the higher forces, highlighting the role of Piezo2 in a specific range of
mechanical stimuli and indicating that Piezo2CKO mice were able to per-
form motor functions. We then used the cotton swab assay where a
sweeping motion of cotton underneath the mouse paw led to consistent
withdrawal responses in Piezo2WT mice, whereas Piezo2CKO mice showed
markedly reduced responses to the cotton swab stimulus (Fig. 4b)22. We
also built a novel two-choice preference assay to evaluate innocuous
mechanosensation (Extended Data Fig. 6a, b) and found that C57BL/
6J mice consistently avoided the mechanically active side and spent time
on the inactive side (Extended Data Fig. 6c)23. Piezo2WT mice behaved
similarly to C57BL/6J mice and showed robust avoidance behaviour to
this stimulus, whereas the Piezo2CKO mice showed no preference and
spent equal time in the mechanically active and inactive sides (Fig. 4c).

In the assays described above, the paws of the mice receive the ma-
jority of the mechanical stimulation. We therefore tested the response
of Piezo2CKO mice to a mechanical stimulus given to hairy skin. We used
a modified version of the tape response assay to monitor the response of
mice to adhesive tape attached to their back24. Piezo2WT mice showed
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Figure 3 | Piezo2 is required for mechanoreceptor function in ex vivo skin
nerve preparation. a, Proportions of mechanically sensitive Ab, Ad and C
fibres in Piezo2CKO mice compared to Piezo2WT controls, one-sided Fisher’s
exact test, **P , 0.01. b, Typical examples of SAM I mechanoreceptor
responses from Piezo2CKO and Piezo2WT mice. c, Mean discharge rates
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velocities for SAM I receptors. Note the almost complete lack of dynamic
ramp discharge in SAM I receptors recorded from Piezo2CKO mice.
d, Normally, SAM I discharge rates increase with increasing ramp speed,
however SAM I receptors from Piezo2CKO mice showed a strong reduction
in velocity sensitivity with firing discharge increasing only marginally with
increasing stimulus velocity (repeated measures ANOVA, F 5 19.69,
P , 0.0001, with Bonferroni post hoc test, ***P , 0.001). e, Rapidly adapting
afferents also displayed reduced velocity sensitivity in Piezo2CKO mutant mice
(repeated measures ANOVA, F 5 4.36, P , 0.05, with Bonferroni post hoc
test, ***P , 0.001). f, Mean force thresholds for nociceptor discharge.
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applied. Note significant elevation of mechanical thresholds for Ad
mechanonociceptors in Piezo2CKO mice (Mann–Whitney test, *P , 0.05),
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polymodal C fibres recorded from Piezo2CKO and Piezo2WT mice. Data are
presented as mean 6 s.e.m.
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clear responses to the tape and made ,80 attempts to remove the tape
over the course of 5 min. Piezo2CKO mice barely responded to this stim-
ulus (Fig. 4d). These data demonstrate that Piezo2CKO mice have a dra-
matic inability to sense innocuous touch. Notably, when Piezo2 is deleted
in epidermal Merkel cells but not in DRG neurons using the K14-cre
line, these mice had a slight defect in response to von Frey filaments,
but no defects in the other three innocuous touch behavioural assays
described here (data not shown)4. Importantly, to confirm that this be-
haviour is not due to Piezo2 deletion in non-sensory tissues, we per-
formed immunostaining using the Piezo2-GFP reporter mouse line and
were unable to detect Piezo2 expression in motor neurons, cerebellum
or skeletal muscle (data not shown). Therefore, the considerably more
pronounced behavioural deficits resulting from Piezo2 deletion in Advil-
creERT2 mice emphasize the primary role of sensory neurons in touch
sensation.

We then investigated whether Piezo2CKO mice are able to respond to
thermal stimuli and noxious mechanical forces. Piezo2CKO mice showed
no differences compared to littermate controls in innocuous tempera-
ture sensation, demonstrating that the deficits in mechanical insensitiv-
ity are not due to general health issues (Fig. 4e)23. To determine whether
Piezo2CKO mice could respond to noxious mechanical stimuli, we first
used a ramping von Frey protocol and found that Piezo2CKO mice showed
no differences in response threshold compared to Piezo2WT mice (Ex-
tended Data Fig. 7a). These results are in line with the static force von
Frey assay where the major deficit was observed only for low-threshold
stimuli. Piezo2CKO mice also showed similar responses to Piezo2WT mice
in noxious force sensing assays such as tail clip and the Randall–Selitto

test (Extended Data Fig. 7b, c). Furthermore, we observed no differences
to noxious temperature sensitivity between control and Piezo2CKO mice
(Extended Data Fig. 7d). Recent reports have suggested a role for Piezo2
in mechanical allodynia12,25. Although Piezo2 activity is sensitized in
response to inflammatory signals in vitro, we did not observe any be-
havioural deficits in mechanical nociception or mechanical allodynia
in response to inflammatory mediators in Piezo2CKO mice (Extended
Data Fig. 7e, f)10. Future studies are needed to explore Piezo2 mechan-
ical sensitivity in response to nerve injury.

Ion channels responsible for detecting mechanical stimuli relevant for
somatosensation have long been sought, and our results demonstrate
that Piezo2 is the major mechanotransducer required for touch sensa-
tion in mammals. The loss of the MEC-2-related protein STOML3 also
leads to loss of mechanoreceptor sensitivity15,20 and recent data show
that this protein is a powerful positive modulator of Piezo channel mech-
anosensitivity. We show that Piezo2-dependent rapidly adapting, mech-
anically activating currents in vitro account for the mechanosensitivity
of the majority of LTMRs without affecting the function of nociceptors.
It is interesting that a Piezo2-mediated rapidly adapting current in vitro
can account for both rapidly and slowly adapting fibre responses in vivo.
At least in Merkel cells, the small remaining Piezo2-mediated current
during long-lasting stimulations is sufficient to produce large sustained
depolarization, probably due to the high membrane resistance of these
cells, which leads to slowly adapting responses in sensory afferents4,5.
Our electrophysiological results are unambiguously supported by behav-
ioural studies that show an almost complete deficit in touch sensation
without affecting pain sensation in Piezo2-deficient mice, and predict
the existence of other mechanotransducers relevant for pain sensation.
Piezo1, a related mechanosensitive ion channel required for vascular
development, is not expressed at significantly high levels in sensory neu-
rons to be a likely candidate (Extended Data Fig. 8a, b)26. Ion channels
that sense cell volume, such as the recently identified SWELL1, might
also play a role in nociception27,28. Furthermore, the as-yet-unknown
cationic channels that account for the intermediately and slowly adapt-
ing, mechanically activated currents in cultured DRGs (Fig. 2d) are likely
to be involved in nociception. Different mechanotransducers also ac-
count for innocuous and noxious mechanosensation in Drosophila2.
Notably, Drosophila Piezo is required for mechanical nociception, and
not for gentle touch sensation29. Regardless, our findings highlight the
role of Piezo proteins as evolutionarily conserved mechanically activated
ion channels involved in somatosensory mechanotransduction from flies
to mammals29,30.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 4 | Piezo2CKO mice show profound and specific defects in innocuous
touch sensation in multiple behavioural assays. a, Per cent response to
varying forces (see Methods for an explanation of the units) of von Frey
filaments in Piezo2WT (n 5 14) and Piezo2CKO mice (n 5 12). b, Per cent
response to a sweep of a cotton swab on the hind paw in Piezo2WT (n 5 14) and
Piezo2CKO mice (n 5 9). Of note, 6 out of 9 Piezo2CKO mice showed zero
responses to the cotton stimulus. c, Measurement of time spent in a behavioural
assay where mice are placed in an apparatus consisting of two platforms,
with one side mechanically active and the other side kept still. For the first
10 min, no stimulation is given to either side (‘off’) to allow for acclimation.
Mechanical stimulation is then provided to one side for 1 hour and per cent
time spent on the two sides is plotted, Piezo2WT (n 5 15) and Piezo2CKO mice
(n 5 11). d, Number of bouts in response to a 3 cm piece of adhesive tape
affixed to the back of a mouse over a 5 min period in Piezo2WT (n 5 14) and
Piezo2CKO mice (n 5 10). e, Percentage of time spent on either side of a
two-choice assay with one zone set at 18 uC and one zone set at 32 uC in
Piezo2WT (n 5 13) and Piezo2CKO mice (n 5 10). Error bars represent s.e.m.,
all experiments performed with at least four separate cohorts of both male
and female littermate control mice, *P , 0.05, **P , 0.005, ***P , 0.0005,
Mann–Whitney non-parametric analysis.
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METHODS
All animal procedures were approved by TSRI Institutional Animal Care and Use
Committees or were approved by the animal welfare office of federal state of Berlin.
Immunofluorescence. Dorsal root ganglia neurons (DRG), dorsal skin and foot-
pads were collected from 7-week-old mice. Tissues were briefly fixed in 4% PFA and
were processed as previously described4. Fluorescent images were captured using a
Nikon confocal microscope C2. Antibodies used for immunofluorescence staining
were previously reported with the addition of thymidine hydroxylase (Millipore)
and CGRP (Abcam)4. Immunostaining images from Ai9 reporter mice crossed with
the Advil-creERT2 line were visualized by tdTomato epifluorescence31,32.
Cell culture and small interfering RNA of DRG neurons. DRG cultures and trans-
fection of short interfering RNA (siRNA) (for Piezo1 experiments) were performed
exactly as previously described3. Reagents: mouse Piezo1 siRNA smart pool Dhar-
macon (ON-TARGETplus mouse Piezo1 (234839) siRNA SMARTpool; catalog
no. L-061455-00-0005); scramble siRNA controls, Qiagen Allstars Negative Con-
trol (SI03650318).
In situ hybridization. DRG neurons from C57BL/6J mice were harvested from all
levels and fixed in 10% formalin overnight. The DRG neurons were then dehydrated
through an ethanol series/xylene and embedded in paraffin. Ten-micrometre sec-
tions were cut and in situ hybridization was carried out using the RNAscope assay
(Advanced Cell Diagnostics; Hayward, CA) according to the manufacturer’s instruc-
tions. Development of signal was performed using the RNAscope 2.0 HD brown
detection kit. Probes for mPiezo1 (cat. number: 400181) and mPiezo2 (cat. number:
400191) were purchased from Advanced Cell Diagnostics (Hayward, CA). Slides
were mounted with Cytoseal and imaged under a bright field microscope. Slides
were scanned and images captured using the Nanozoomer 2.0 HT (Hamamatsu).
Electrophysiology. Whole-cell patch clamp recordings were performed as de-
scribed using standard methods to achieve low access resistance4,10. Cells were main-
tained at 22–24 uC in: 127 mM NaCl, 3 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 10 mM
dextrose, 10 mM HEPES (pH 7.3). Electrodes had resistances of 4.6 6 0.7 MV (n 5

117) when filled with gluconate-based low chloride intracellular solution: 125 mM
K-gluconate, 7 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 1 mM tetraK-
BAPTA, 4 mM Mg-ATP, 0.5 mM Na-GTP (pH 7.3 with KOH). Neurons with dia-
meters of 14 to 41mm were tested for mechanosensitivity using a fire-polished glass
probe; the average cell diameter was similar among genotypes (23.1 6 0.8mm (n 5

57) and 22.7 6 0.7mm (n 5 62), respectively). The probe displacement was advanced
in increments of 0.5 or 1mm. All data were analysed as previously described3,10.
Ex vivo skin nerve preparation. The skin nerve preparation was used essentially
as previously described to record from single primary afferents16. Mice were eu-
thanized by CO2 inhalation for 2–4 min followed by cervical dislocation. The saphe-
nous nerve and the shaved skin of the hind limb were dissected free and placed in
an organ bath at 32 uC. The chamber was perfused with a synthetic interstitial fluid
(SIF buffer): 123 mM NaCl, 3.5 mM KCl, 0.7 mM MgSO4, 1.7 mM NaH2PO4, 2.0 mM
CaCl2, 9.5 mM sodium gluconate, 5.5 mM glucose, 7.5 mM sucrose, and 10 mM
HEPES (pH 7.4). The skin was placed with the corium side up in the organ bath. The
saphenous nerve was placed in an adjacent chamber on a mirror to aid and under
microscopy fine filaments were teased from the nerve and placed on the recording
electrode. Electrical isolation was achieved with mineral oil.

For the electrical search protocol a microelectrode (0.5–1MV) was manoeuvred
gently to contact the epineurium of saphenous nerve and deliver electrical stimu-
lations at 1 s intervals with square pulses of 50–500 ms duration. In most filaments
5–7 single units were encountered. The electrical nerve stimulation was done at up
to 3 sites (corresponding to major branching points of the saphenous nerve) to trace
electrically identified units to their receptive fields. Mechanical sensitivity of single
units was tested by mechanical stimulation of their receptive field with a glass rod;
units not responding to mechanical probing were designated as mechano-insensitive.
Based on the conduction velocity, these units were categorized as mechanically in-
sensitive Ab, Ad and C fibres.

Mechanically sensitive units were characterized by conduction velocity (calculated
by dividing conduction distance over electrical latency for the spike) and stimulus
response function was obtained by a standardized mechanical stimulation pro-
tocol. The stimulating probe, equipped with a force transducer (Kleindiek, Reut-
lingen, Germany), was placed onto a spot within the receptive field where the most
reliable responses could be obtained. The probe was a stainless steel metal rod and
the diameter of the flat circular contact area was 0.8 mm. Two mechanical stimu-
lation protocols were employed. The first stimulation protocol was applied to SAM,
RAM and D-hair receptors. A piezo actuator (Physik Instrumente) was used to
deliver five ramp and hold stimuli (90mm displacement, 2 s hold-phase and 30 s
interstimulation interval) with increasing ramp velocities (0.075, 0.15, 0.45, 1.5 and
15 mm s21). The second stimulation protocol was applied to Ad mechanonocicep-
tors and C fibres and consisted of an ascending series (6 ramp and hold stimuli) of
10 s displacement stimuli (32–1,024mm) at 30-s intervals, sent as a pre-programmed

series of commands to a computer-controlled nanomotor (Kleindiek, Reutlingen,
Germany). Mechanical thresholds for nociceptors were measured by reading off
the force (obtained from the attached force transducer) at which the first spike was
obtained. The signal driving the movement of the linear motor and raw electro-
physiological data were collected with a Powerlab 4.0 system (ADInstruments) and
spikes were discriminated off-line with the spike histogram extension of the software.
Data were obtained from between 6 and 20 skin nerve preparations per genotype.
Tamoxifen injections. Fifteen milligrams of tamoxifen (Sigma) was dissolved into
1 ml of 100% corn oil and made fresh daily before use. Piezo2WT and Piezo2CKO mice
both received tamoxifen injections (intraperitoneal) at 150 mg kg21 for 5 consec-
utive days. Due to variability in tamoxifen injections and the observation of incom-
plete deletion in Piezo2fl/fl mice, Piezo2fl/2 mice, containing one floxed allele and
one null allele, were used for analysis. Piezo2CKO refers to mice that received tamox-
ifen injections. Each mouse was weighed before injection to normalize for differ-
ences in body weight. Somatosensory behavioural assays were performed on mice
between 7 and 21 days after tamoxifen injections, and all mice that were tested for
mechanical sensitivity were also tested for thermal sensitivity to control for any
issues of general health. Before tamoxifen injections, Piezo2CKO mice were healthy
and viable with no differences compared to Piezo2WT littermate controls in various
somatosensory assays (data not shown). However, tamoxifen injections led to a vis-
ible difference in behaviour of Piezo2CKO but not Piezo2WT mice that started ,7 days
after the last injection. Piezo2CKO mice walked with an irregular gait, sometimes
dragged their hind legs, and were occasionally uncoordinated when attempting to
stand on their hind legs.
Quantitative real-time PCR analysis. qPCR analysis was performed by first iso-
lating total RNA using TRIzol/chloroform and isopropanol precipitation from freshly
isolated DRG neurons (Life Technologies). Generation of complementary DNA
was achieved by reverse transcription using the QuantiTect Reverse Transcript kit
(Qiagen). For qPCR, FastStart Universal probe master mix (Rox) from Roche Di-
agnostics was used. The reaction was run in the Eco Real-Time PCR instrument
(Illumina) using 0.5ml of the cDNA in a 10ml reaction according to the manufac-
turer’s instructions. Real-time Taqman qPCR assays were purchased from Integrated
DNA Technologies with a FAM reporter dye and a non-fluorescent quencher: mouse
Piezo2 (Mm.PT.56a.32860700, Fam38b), and an internally designed mouse Gapdh
assay (forward primer: GCACCACCAACTGCTTAG; reverse primer: GGATG
CAGGGATGATGTTC; and probe: CAGAAGACTGTGGATGGCCCCTC).

Calibrations and normalizations were done using the 2{DDCT method, where
DDCT 5 ((CT (target gene) 2 CT (reference gene)) 2 (CT (calibrator) 2 CT (refer-
ence gene)). Gapdh was used as the reference gene for all qPCR experiments33.
Static force von Frey. Responses to application of a von Frey filament was per-
formed as previously described21,34. Mice are acclimated in an elevated platform for
1 h, in a similar manner to that described for the cotton swab assay. A Dynamic
Plantar Aesthesiometer is used to apply varying forces of a 0.5 mm von Frey fila-
ment (Ugo Basile product ID 37450). A single force is applied for one second to the
hind paw and a yes/no withdrawal response is scored. Forces on the instrument are
measured with units ‘g’ and represent grams-force, according to manufacturer’s de-
scription (Ugo Basile). The initial force applied is 5.5 g and is lowered incrementally
by 0.5 g, and testing ends after reaching 1.0 g. The fraction of the number of re-
sponses out of four applications per force is measured. Data are plotted as percen-
tage of withdrawal at each force for control and test mice.
Two-choice mechanosensory assay. The novel two-choice mechanosensory assay
instrument consists of two lightweight, stiff, composite platforms which are sepa-
rately activated by a pair of tactile transducers (Clark Instruments). The platforms
are mounted to a frame via low rate coil springs. The springs act to mechanically
isolate the platforms from each other and the frame. A thin sheet of silicone rubber
is fastened to the tops of the platforms and the frame. This provides a continuous
surface that covers the gaps between the frame and platforms. Dividers are placed
on top of the frame to create lanes. A clear plastic cover sits on all lanes to prevent
mice from climbing out of the lane. Tactile transducers housed underneath the plat-
forms are connected to a two-channel amplifier which is fed the appropriate sine
wave signals via a Labview-controlled signal generator.

For behavioural analysis, individual mice were placed in one of six lanes, with a
maximum of six mice tested at the same time. We optimized the output of the stim-
ulator using multiple protocols and found that C57BL/6J mice consistently avoided
the active side when using a protocol of 150 Hz (sine wave), at a peak-to-peak dis-
placement of 33.1mm and a pulsing stimulus of 3 s on and 2 s off. Interestingly, mice
showed decreased avoidance of the active side when the vibration stimulus was kept
constant. A side at random was turned off and the other side was turned on to a
pulsing stimulus. The acceleration and frequency produced were monitored using
a custom-designed program (Dual Channel v.7) to ensure only one side was active.
Mice were allowed to walk freely between two zones for 10 min with no stimulus and
were assayed for 1 h with the pulsing protocol. EthoVision tracking system (Noldus
Information Technology) was used to monitor the movement of the mice in a dark
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room illuminated with infrared light. Data are plotted as the percentage of the time
spent on the active zone.
Cotton swab assay. A method to assess light-touch-evoked paw withdrawal was
used as described previously22. Mice were placed in an elevated acclimation cham-
ber separated by plexiglass dividers. The floor consists of mesh-like grids that are
accessible from below due to small gaps of ,5 3 5 mm (Ugo Basile product ID
37450-277). Mice are allowed to acclimate for 1 h before testing. A cotton swab from
a Q-tip is manually pulled so that it is ‘puffed out’ to ,33 the original size. A sweep-
ing motion, rather than an upward motion, is used underneath the mouse paw and
mice are assayed for a paw withdrawal response. Five sweeps are performed with
at least 10 s between each sweep. The number of withdrawals out of five trials are
counted and recorded as a percentage for each mouse.
Tape response assay. A modified version of the tape on paw assay was performed24.
Mice are allowed to acclimate in a circular plexiglass container for 5 min. A 3 cm
piece of common laboratory tape was then applied gently to the back of the mouse
such that it sticks to the mouse. Mice are then observed for 5 min and the total num-
ber of responses to the tape are counted. A response is scored when the mouse stops
moving and bites or scratches the piece of tape or shows a visible ‘wet dog shake’
motion in an attempt to remove the foreign object on its back.
Ramping von Frey. Measurement of a response to a von Frey filament was per-
formed as previously described21. Mice are acclimated and tested using the same
Dynamic Plantar Aesthesiometer as described for static force von Frey (Ugo Basile).
Instead of a static force application as described above, a ramping protocol is used
that increases in force gradually from 0–50 g over the course of 20 s. The von Frey
filament is applied until the mouse withdraws its hind paw. Each mouse receives
four applications of the von Frey filament and the average force (threshold for with-
drawal) is plotted for each mouse.
Hargreaves assay. A paw withdrawal response to infrared light is performed as
previously described21. Mice are allowed to acclimate on a plexiglass container with
a clear flat bottom for at least 60 min. The infrared light heat source is set to an in-
tensity of 20, according to manufacturer’s protocols (Ugo Basile product ID 37370).
The heat source is placed under the platform where mice are acclimated and the
light is applied to the hind paw. The time to paw withdrawal is measured and re-
peated three times for each mouse with a cutoff of 20 s. The average time to with-
drawal (latency) is plotted for each mouse.
Randall–Selitto assay. Response to a noxious level of pinching force on the paw of
a mouse was performed as previously described34. Mice are placed into a small sling
that allows the mice to be restrained and the paws to be accessible (IITC Life Sci-
ences). A pinching force is applied to the hind paw using a Randall–Selitto device
(IITC Life Sciences). Three separate pinches are applied where the force increases
until reaching a 300 g cutoff. A response is scored by any visible flinch or audible
vocalization. Data are plotted as the average of three responses (threshold) calculated
for each mouse.
Tail clip assay. An assay to determine the time for response to an alligator clip placed
on the tail of a mouse was slightly modified from ref. 35. An alligator clip commonly
used for electrical wires was purchased from The Home Depot. The clips were altered
by filing down the sharp teeth and then covered with a rubber casing to reduce the
potential for tissue damage. We calibrated the strength of the force exerted by the
clips to be 500 g. The clips were marked at the centre to ensure placement of the clip
was similar for all mice tested. The clips are placed near the base of the mouse tail
and then the mice are placed on a table inside a plexiglass container. A response was
scored when the mice showed awareness of the clip by biting, vocalization, grasping

of tail or a jumping response. Data are plotted as the time to respond (latency) for
each mouse.
Complete Freund9s adjuvant with von Frey. A standard assay for inflammation
due to complete Fruends adjuvant (CFA) injection in the hindpaw was performed
as previous described21. Mice were subjected to ramping von Frey (detailed above)
before injection of CFA. After baseline analysis, mice were injected in the hind paw
with 10ml of CFA (Sigma). Mice were then rehoused in their home cages and tested
by ramping von Frey the following day, 24 h post injection.
Bradykinin with von Frey. Inflammation response to bradykinin injection was per-
formed as previously described21. Animals were acclimated and tested by ramping
von Frey (detailed above). After baseline analysis was performed, mice were injected
with 20ml of bradykinin (10 nM). Mice were then placed back in the acclimation
chambers and tested by ramping von Frey at 5, 10 and 15 min post injection.
Two temperature choice assay. A preference assay between 32 uC and 18 uC was
performed as previously described23. Mice were placed on a platform where plex-
iglass dividers separated the entire platform into six lanes. The platform was divided
into two zones such that one side was heated to 32 uC and the other side was cooled
to 18 uC. One mouse was placed in each lane and allowed to walk freely between the
two zones for 1 h. An automated tracking device (Noldus Ethovision software) mon-
itored the movement of the mice in a dark room illuminated with infrared light. Data
are plotted as the percentage of time spent on the 32 uC zone versus the 18 uC zone.
Statistics. All data analysed by statistical analyses are detailed in the figure legends.
Data from electrophysiological analysis and qPCR of isolated DRG experiments were
analysed by Student’s t-test as previously described3. Electrophysiological skin nerve
data were analysed using Fischer’s exact test, Fig. 3a; Mann–Whitney test, Fig. 3f, g, h;
and repeated measures ANOVA, Fig. 3d, e. For all behavioural experiments, the
Mann–Whitney non-parametric statistical test was used.
Sample size choice. The specific number of independent experiments or animal
numbers used for all experiments is outlined in the corresponding figure legends.
For electrophysiology and qPCR of DRG experiments, data were analysed from
n 5 3 independent experiments. For skin nerve preparations data was obtained from
between 6 and 20 skin nerve preparations per genotype. All behavioural data rep-
resent results from 2–4 independent rounds of testing with multiple mice of both
genotypes per cohort. All mice tested in behavioural assays were littermate con-
trols. Male and female mice were tested between the ages of 6–12 weeks. Animals
were randomly chosen for experimental subjects and all experimental procedures
were performed in a blinded manner. No statistical method was used to predeter-
mine sample size.
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Extended Data Figure 1 | Mechanically activated currents elicited in
cultured DRG neurons from Piezo2WT and Piezo2CKO mice by poking with
a blunt probe. a, Representative traces of rapidly adapting (RA) currents in
Piezo2WT (top) and Piezo2CKO (bottom). Piezo2WT DRG neurons show
characteristic rapidly adapting currents; a subpopulation can be active with
apparent low thresholds (right). Piezo2CKO mice contained a few rapidly
adapting type cells but none appeared to be low-threshold mechanoreceptors.
b, c, Representative traces of intermediately adapting (IA) and slowly adapting
(SA) currents, respectively, with no observable differences between the two

genotypes. All data were low-pass filtered off line at 4 kHz. Action potentials
were elicited by current injection in all neurons. Piezo2WT: RA, left: 20mm
diameter, 5mm apparent threshold; RA, right: 28mm diameter, 1mm
apparent threshold; IA: 23mm diameter, 6mm apparent threshold; SA: 20mm
diameter; 2mm apparent threshold. Piezo2CKO: RA, left: 23mm diameter, 8mm
apparent threshold; RA, right: none found; IA: 20mm diameter, 5.5mm
apparent threshold; SA: 30mm diameter, 8mm apparent threshold. Lower right
shows an example of the probe displacement protocol (stimulus). Results
from n 5 3 independent experiments.
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Extended Data Figure 2 | Apparent threshold analysis of Piezo2WT and
Piezo2CKO DRG neurons. The smallest soma indentation eliciting a detectable
mechanically activated response (apparent threshold) depends, in part, on
the incremental distance applied (0.5mm) and the proportional displacement in
relation to the soma diameter. The apparent thresholds of all rapidly adapting
responses normalized to soma diameter reveal a wide range of sensitivities
of Piezo2WT DRG neurons (black) and the high apparent threshold responses
of the remaining rapidly adapting neurons in Piezo2CKO DRG neurons (red).
The lowest apparent thresholds are observed only in Piezo2WT. Results
from n 5 3 independent experiments.
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Extended Data Figure 3 | Expression of various markers of subpopulations
of DRG neurons are similar in Piezo2WT and Piezo2CKO mice.
a, b, Representative images from immunofluorescence of Nefh in DRGs from
Piezo2WT (a) or Piezo2CKO (b) mice. c, d, Representative image from

immunofluorescence of thymidine hydroxylase (TH) in DRGs from Piezo2WT

(c) or Piezo2CKO (d) mice. e, f, Representative image from immunofluorescence
of CGRP in DRGs from Piezo2WT (e) or Piezo2CKO (f) mice. All markers
stained in green. Scale bars, 100mm.
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Extended Data Figure 4 | DRG innervation of skin is unaffected in
Piezo2CKO mice. a, d, Representative image of immunostaining of Krt8 (green)
and Nefh (red) in Merkel-cell–neurite complexes in Piezo2WT (a) and
Piezo2CKO (d) glabrous skin. b, e, f, Representative image of immunostaining of
S100 (green) and Nefh (red) in circumferential fibres (arrowheads) and

lanceolate endings (arrows) in the hair follicle of Piezo2WT (b) and Piezo2CKO

dorsal skin (e and f). c, g, Representative image of immunostaining of S100
(green) and Nefh (red) in Meissner’s corpuscles in Piezo2WT (c) and Piezo2CKO

(g) glabrous skin. Bg, bulge of the hair follicle; Der, dermis; Epi, epidermis;
HS, hair shaft. Scale bars, 20mm.
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Extended Data Figure 5 | Physiological properties of nociceptors are
unaffected in Piezo2CKO mice. a, No change in conduction velocities of Ab-,
Ad- and C-fibre afferents in Piezo2CKO compared to Piezo2WT (Mann–
Whitney test). b, Proportions of receptor types encountered among Ab, Ad and
C fibres are shown. A-M, Admechanonociceptor; C-M, C mechanonociceptor;
C-MH, C mechano/heat receptor, responding both to noxious heat and
mechanical stimuli; RAM, rapidly adapting mechanoreceptor; SAM, slowly
adapting mechanoreceptor. c, Stimulus response properties of Ad

mechanonociceptors recorded in Piezo2CKO compared to Piezo2WT were
not significantly different. d, D-hair receptors recorded from Piezo2CKO

displayed stimulus response properties that were indistinguishable from
control afferents. e, The stimulus response properties of C fibres in Piezo2CKO

were not significantly different from C fibres recorded in control Piezo2WT

mice. Data are presented as mean 6 s.e.m., repeated measures ANOVA
analysis for c–e.
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Extended Data Figure 6 | Development of the novel two-choice
mechanosensory assay. a, Schematic of instrument construction and image
of instrument from above. b, Schematic of the instrument from below, with
the top cover removed, and photo of tactile transducers underneath the

platform. c, Avoidance behaviour of C57BL/6J mice to the mechanically
active side. Error bars represent s.e.m., n 5 12 mice, 6 males and 6 females.
**P , 0.005, ***P , 0.0001, Mann–Whitney non-parametric analysis.
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Extended Data Figure 7 | Piezo2CKO mice do not show deficits in noxious
mechanical or thermal stimuli or in inflammatory pain responses.
a, Threshold for withdrawal response to a ramping protocol of von Frey
stimulation from low force to high in Piezo2WT (n 5 9) and Piezo2CKO (n 5 7)
mice. b, Time to response (latency) to application of a 500 g tail clip to the base
of the tail in Piezo2WT (n 5 6) and Piezo2CKO (n 5 7) mice. c, Threshold for
response to a Randall–Selitto pinching stimulus to the hind paw in Piezo2WT

(n 5 5) and Piezo2CKO (n 5 7) mice. d, Time to withdrawal of hind paw in
response to an infrared light heat source (Hargreaves assay) in Piezo2WT

(n 5 13) and Piezo2CKO (n 5 9) mice. e, Ramping von Frey protocol in baseline
(before CFA injection) and 24 h post CFA injection in Piezo2WT (n 5 11)
and Piezo2CKO (n 5 9) mice. f, Ramping von Frey protocol in baseline (before
bradykinin injection) and at time points 5, 15 and 30 min post injection in
Piezo2WT (n 5 6) and Piezo2CKO (n 5 6) mice. Error bars represent s.e.m.,
all experiments performed with at least two separate cohorts of both male
and female mice, **P , 0.005, ***P , 0.0001, Mann–Whitney non-
parametric analysis.
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Extended Data Figure 8 | Piezo1 expression and function in DRGs. a, In situ
hybridization expression analysis of Piezo1 in DRG neurons relative to Piezo2.
Robust expression of Piezo2 but not Piezo1 is observed, and this agrees
with previously reported results using qPCR3. b, siRNA for Piezo1 in cultured
DRG neurons does not affect the number of mechanically sensitive neurons or

the ratio of rapidly, intermediately or slowly adapting currents (number of
recorded neurons in each category indicated on top of bar graphs). Data
from three independent preparations, not significant by Student’s t-test.
Scale bar, 100mm. KD, knockdown; scr, scrambled.
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Extended Data Table 1 | Electrical properties of Piezo2WT and Piezo2CKO cultured DRG neurons

Values are mean 6 s.e.m. (number of neurons). APD, action potential duration; AP, action potential; *P , 0.05, Student’s t-test; rheobase values are not significantly different (P50.3) when cells with many
processes are removed from the data set (high rheobase, n57 and 6 for Piezo2WT and Piezo2CKO, respectively).
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Extended Data Table 2 | Properties of single fibres recorded from Piezo2WT and Piezo2CKO using the saphenous nerve ex vivo skin nerve
preparation

a, Mechanical search protocol. b, Electrical search protocol. C-LT, C fibre with low-threshold mechanosensitivity; C-M, C mechanonociceptor only responding to mechanical stimulation and not noxious cold or
heat; C-MH, C mechano/heat receptor, responding both to noxious heat and mechanical stimuli; C-MHC, C mechano/heat/cold fibre responding to noxious mechanical, hot and cold stimulation; SAM II, slowly
adapting mechanoreceptor type II. Note that small discrepancies between the numbers of fibres listed here and those tested with the full series of mechanical stimuli are due to technical issues preventing full
characterization of the unit.
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