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Abstract
Mechanosensitivity is a fundamental physiological capacity, which pertains to all life forms.
Progress has been made with regard to understanding mechanosensitivity in bacteria, ﬂies,
and worms. In vertebrates, however, the molecular identity of mechanotransducers in
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somatic and neuronal cells has only started to appear. The Piezo family of mechanogated
ion channels marks a pivotal milestone in understanding mechanosensitivity. Piezo1 and
Piezo2 have now been shown to participate in a number of processes, ranging from arterial
modeling to sensing muscle stretch. In this review, we focus on Piezo2 and its role in
mediating mechanosensation and proprioception in vertebrates.

1. INTRODUCTION
Piezo2 was identiﬁed by homology with Piezo1, a mechanogated ion
channel cloned by the Ardem Patapoutian group from the neuroblastoma
N2A cells (Coste et al., 2010). The two molecules are the only known members of an evolutionary conserved family of proteins and are among the largest
ion channels cloned to date. Mouse Piezo1 and Piezo2 are w2500 and 2800
amino acids long nonselective cation channels with w42% identity. Though
structural information on Piezo2 is not available, predictions based on functional analysis and the cryo-EM structure of Piezo1 suggest that functional
Piezo2 is formed by three subunits with 16e18 transmembrane helixes
(Fig. 1) (Coste et al., 2015; Ge et al., 2015; Zhao et al., 2016).
Piezo homologs are found in plants, unicellular eukaryotes (but not yeast),
and invertebrates, but the distinction between Piezo1 and Piezo2 begins in
vertebrates, where the two proteins carry out a number of mechanosensory
functions in various cells and tissues. Known Piezo1 functions pertain to

Figure 1 Hypothetical topology of Piezo2. Shown is a hypothetical transmembrane
topology diagram of mouse Piezo2 based on the cryo-EM (Ge et al., 2015) and functional studies of mouse Piezo1 (Coste et al., 2015; Zhao et al., 2016). AD, anchor domain;
CED, C-terminal extracellular domain; CTD, C-terminal domain; IH, inner helix; OH, outer
helix. E2416 in the anchor domain alters pore properties of mouse Piezo2 (Coste et al.,
2015). E2797 in the C-terminal domain is homologous to E2727 in human Piezo2. The
deletion of E2727 in hPiezo2 prolongs kinetics of MA current inactivation in vitro
(Dubin et al., 2012).
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mechanotransduction in different types of somatic cells and has been
extensively reviewed elsewhere (Bagriantsev, Gracheva, & Gallagher, 2014;
Glokowska & Gallagher, 2015; Honore, Martins, Penton, Patel, &
Demolombe, 2015; Ranade, Syeda, & Patapoutian, 2015; Volkers, Mechioukhi, & Coste, 2015; Wu, Lewis, & Grandl, 2016). Similar to Piezo1, Piezo2 is
widely expressed in somatic cells: chondrocytes (Lee et al., 2014), odontoblasts (Khatibi Shahidi et al., 2015), endothelial cells (Ferrari, Bogen, Green,
& Levine, 2015), and astrocytes (Choi, Sun, & Jakobs, 2015). In contrast to
Piezo1, Piezo2 is also expressed in Merkel cells (Ikeda et al., 2014; Maksimovic et al., 2014; Woo et al., 2014), outer hair cells (Wu, Grillet, et al.,
2016), endothelial cells in the brain (Wu, Lewis, et al., 2016), enterochromafﬁn cells of the gut (Wang et al., 2016), and in the neurons of the somatosensory ganglia, where it plays a key role in mechanosensation and
proprioception.
Somatosensory ganglia house a very diverse array of somatosensory
neurons, which project to the skin of the face (trigeminal ganglia, TG) or
body (dorsal root ganglia, DRG) to detect the principal components of
cutaneous senses: temperature, chemical irritants, painful touch, and light
touch (Le Pichon & Chesler, 2014). In addition, the DRG houses proprioceptive neurons innervating muscle. Proprioceptors are absent from TG and
reside in the mesencephalic ganglion in the brainstem (Lazarov, 2007).
In most vertebrates, the vast majority of TG and DRG neurons are nonmyelinated (C-type) nociceptors and thermoreceptors, which detect temperature and painful chemical and mechanical stimuli. Light touch is detected by
low-threshold mechanoreceptors (LTMRs). Most LTMRs are myelinated
Ab-ﬁbers, but there are also thinly myelinated Ad- and nonmyelinated
C-ﬁbers (Zimmerman, Bai, & Ginty, 2014). Ab-LTMRs can be further
segregated by the ﬁring pattern they produce in response to mechanical
stimulation: rapidly adapting mechanoreceptors (RA-LTMRs), which
only ﬁre with onset and offset of a stimulus; and slowly adapting mechanoreceptors (SA-LTMRs), which ﬁre for the duration of a mechanical stimulus
(Fleming & Luo, 2013). Mechanosensitive channels in the nerve terminals of
LTMRs trigger action potential generation in these cells (Ranade et al.,
2015; Sharif-Naeini, 2015). Recent studies determined that Piezo2 is a
key mechanotransducer in a subset of LTMRs and in proprioceptors.
Here, we review the role of Piezo2 in cutaneous and proprioceptive mechanotransduction of vertebrates.
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2. SOMATOSENSORY NEURONS
2.1 Piezo2 and fast mechanoactivated current in
mouse dorsal root ganglia neurons
Understanding mechanosensation in the different types of somatosensory end organs (Merkel celleneurite complexes, Meissner and Pacinian
corpuscles and others; see Zimmerman et al., 2014) requires the identiﬁcation
of the molecular mechanism that translates tissue deformation into action
potential ﬁring in the corresponding LTMR. This necessitates knowledge
of the molecules that mediate mechanoactivated current, modulate kinetics
of inactivation, generate action potentials, and shape the pattern of ﬁring
adaptation. In addition, this requires understanding the contribution from
the somatic components of the end organs, such as Merkel cells in Merkel
celleneurite complexes or lamellar cells in Pacinian corpuscles. Recently, a
great breakthrough was made with regard to the role of Piezo2 in Merkel
celleneurite complexes (Ikeda et al., 2014; Maksimovic et al., 2014; Woo
et al., 2014), but by and large the molecular basis of peripheral neuronal
mechanosensitivity remains poorly understood.

Figure 2 Mechanoactivated currents in mouse trigeminal neurons. (A) An image of a
mouse trigeminal (TG) neuron with an electrode (white arrowhead) and blunt probe
(blue arrowhead) in the working position to record MA current. (B) Representative
whole cell currents from mouse trigeminal neurons showing exemplar fast, intermediate, and slow MA currents based on the rate of exponential current decay (s).
Currents were obtained from a holding potential of 60 mV, using a probe moving
at 800 mm/s velocity. (For experimental details, see Schneider et al., 2014).
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Somatosensory neurons are innately mechanosensitive, i.e., they can
convert mechanical stimuli into excitatory current and mechanoactivated
action potentials even in the absence of other tissue components. In
culture, mechanosensitivity of dissociated TG and DRG neurons is often
studied by patch clamp recording in the voltage clamp mode (McCarter,
Reichling, & Levine, 1999). Stimulation with a blunt glass probe evokes
mechanoactivated excitatory current (MA current, Fig. 2), a necessary
prerequisite for the generation of action potentials.
Different neurons produce speciﬁc types of MA currents, which are
thought to be mediated by more than one mechanogated ion channel,
judging from ion selectivity, pharmacological and kinetic characteristics
(Coste, Crest, & Delmas, 2007; Drew et al., 2007; Drew & Wood, 2007;
Hu & Lewin, 2006; McCarter & Levine, 2006; Poole, Herget, Lapatsina,
Ngo, & Lewin, 2014; Qi et al., 2015). A salient feature of all MA currents
is the time constant of near-exponential decay (s), which occurs immediately after initial channel opening. A detailed analysis of the decay kinetics
reveals a complex underlying mechanism, which involves adaptation and
inactivation (Hao & Delmas, 2010; Rugiero, Drew, & Wood, 2010).
Traditionally, most studies classify neuronal MA currents as fast (or rapid,
s < 10 ms), intermediate (10 ms <s < 30 ms), and slow (s > 30 ms) adapting (Fig. 2B). Here, we will use the term “inactivation” with regard to MA
current (fast, intermediately, or slowly inactivating) and “adaptation” to refer
to the pattern of action potential ﬁring (rapidly or slowly adapting).

Figure 3 Mouse Piezo2 generates fast inactivating MA current in HEK293 cells. (A) An
image of an HEK293 cell expressing mouse Piezo2 during voltage clamp recording to
obtain MA current in response to mechanical stimulation with a glass probe. White
arrowhead: electrode; blue arrowhead: mechanical probe. (B) Representative fast MA
current (s < 10 ms) trace from mPiezo2 in HEK293 cell obtained in the whole
cell conﬁguration from a holding potential of 60 mV. Currents were obtained from
a holding potential of 80 mV, using a probe moving at 800 mm/s velocity. Solutions
used (mM): bath, 140 NaCl, 5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, 10 HEPES/NaOH pH
7.4; pipette: 133CsCl, 5 EGTA, 1 CaCl2, 1 MgCl2, 4 MgATP, 0.4 Na2GTP, 10 HEPES/
CsOH pH 7.3.
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Piezo2 was the ﬁrst ion channel ﬁrmly linked to an MA current in
somatosensory neurons. Piezo2 is expressed in 20e50% of mammalian
DRG and TG neurons, including LTMRs and nociceptors (Alamri, Bron,
Brock, & Ivanusic, 2015; Bron, Wood, Brock, & Ivanusic, 2014; Coste
et al., 2010; Lou, Duan, Vong, Lowell, & Ma, 2013; Ranade et al.,
2014). In one neuronal subset, C-type LTMRs, Piezo2 expression was
shown to rely on the transcriptional factor Runx1 (Lou et al., 2013). Fast
MA current generated by a subset of mouse DRG neurons is remarkably
similar to the MA current produced by Piezo2 in HEK293T cells (Fig. 3),
both in terms of kinetics and pharmacology.
Small interfering RNA-mediated knockdown of Piezo2 in cultured
DRG neurons leads to a speciﬁc reduction of most of fast MA current,
demonstrating that it is Piezo2 dependent (Coste et al., 2010; Lou et al.,
2013). These data are corroborated through DRG-speciﬁc Piezo2 knockouts (Ranade et al., 2014; Woo et al., 2015). Thus, Piezo2 mediates most,
if not all, fast MA current in mouse DRG neurons (Coste et al., 2010;
Ranade et al., 2014; Woo et al., 2015), but the molecular identity of intermediate and slow MA current is yet to be established.

2.2 Possible role of Piezo2 in slow mechanoactivated
current
Functional studies suggested that fast MA current is largely (but not
exclusively) present in mechanoreceptors, while slow MA current is
present in nociceptors (Coste et al., 2007; Drew et al., 2007; Lechner,
Frenzel, Wang, & Lewin, 2009; Poole et al., 2014). Overall, Ad- and
Ab-type LTMRs are rare cells in rodent DRG, where 60e70% of neurons
are C-type nociceptors and thermoreceptors (Kobayashi et al., 2005;
Le Pichon & Chesler, 2014). Some LTMR subtypes account for only a
few percent of the total neuronal population, which may obscure their
identiﬁcation in vitro by electrophysiological analyses. For example,
RA-LTMRs account for mere 6% of all mouse thoracic DRG neurons
(Li et al., 2011), yet they innervate a host of mechanosensitive end organs,
including lanceolate endings in the hairy skin, Meissner and Pacinian
corpuscles (Zimmerman et al., 2014). It is therefore plausible that such
rare neurons will avoid a deﬁnitive classiﬁcation in an en masse electrophysiological analysis of dissociated DRG neurons, leaving the possibility
that some types of LTMRs express mechanotransducers with intermediate
or slow kinetics of inactivation. In support of this, studies of cat mesenteric
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Pacinian corpuscles showed that mechanical stimulation of the
corresponding LTMRs that have had the somatic components of the
end organ manually removed evokes a slowly decaying receptor potential,
indicating the presence of a mechanotransducer with slow MA current
(Loewenstein & Mendelson, 1965; Mendelson & Lowenstein, 1964). In
duck TG, sensory ganglia with an unusually high population of LTMRs
innervating Pacinian-like corpuscles in the bill, most neurons express
Piezo2 and exhibit slow MA current (Schneider et al., 2014). Thus, it is
possible that RA-LTMRs innervating Pacinian corpuscles are subserved
by mechanotransducers with slow MA current, possibly mediated by
Piezo2. In support of this, a recent study showed that people carrying
non-functional Piezo2 alleles display general losses in vibration detection
in the frequency range perceived by Pacinian corpuscles (Chesler et al.,
2016). So far, however, Piezo2 has been associated only with fast MA
current, though it is expressed in various LTMRs, including RA-LTMRs
innervating Meissner corpuscles (Ranade et al., 2014). Whether RALTMRs innervating Pacinian and Meissner corpuscles are subserved by
different mechanotransducer channels or by the same channel with
modiﬁed inactivation kinetics is unknown. These considerations provide
strong rationale to identify novel slow-type mechanotransducers in
nociceptors and LTMRs, as well as and molecules and pathways that
prolong inactivation kinetics of Piezo2.

2.3 Functional regulation of Piezo2 in mouse dorsal root
ganglia neurons
While the quest for slow mechanotransducer(s) is ongoing, recent studies
have revealed mechanisms shaping Piezo2 function. In vitro, the deletion
of E2727 in the distal C-terminal region of human Piezo2 (E2797 in mouse
Piezo2, Fig. 1) causes a twofold prolongation of inactivation (Coste et al.,
2013). Interestingly, this and other Piezo2 mutations were found to be linked
to distal arthrogryposis type 5, suggesting that Piezo2 channelopathy could
lead to severe developmental malformations (Coste et al., 2013; McMillin
et al., 2014; Okubo et al., 2015). Piezo2 inactivation can also be reversibly
prolonged by osmotic swelling and pharmacological activation of the protein
kinase A (PKA)/protein kinase C (PKC) pathway in neurons and heterologous cells (Dubin et al., 2012; Jia, Ikeda, Ling, Viatchenko-Karpinski, &
Gu, 2016), establishing that Piezo2 kinetics are modulated by intracellular
factors. Most likely, these and other mechanisms are involved in sustained
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prolongation of Piezo2 kinetics in neuronal mechanoreceptor subtypes as
discussed earlier, warranting further research.
The mechanism of Piezo2 ﬁne-tuning in neurons has only started to
emerge. Piezo2 activity is regulated by G-protein signaling. The inclusion
of GTP in the recording pipette leads to a slow run-up of Piezo2 current
in neurons and HEK293 cells (Jia, Ikeda, Ling, & Gu, 2013). Part of the
mechanism probably includes the activation the PKA/PKC pathway, which
can be engaged directly by GTP, through the bradykinin receptor b2
(Dubin et al., 2012), or cAMP sensor Epac1, leading to potentiation of
Piezo2 current (Eijkelkamp et al., 2013; Singhmar et al., 2016). Given
that the PKA/PKC pathway can be engaged through a host of receptors,
Piezo2 activity is expected to respond to a number of signaling molecules.
These may converge onto Piezo2 directly, e.g., via phosphorylation, or
indirectly, by changing the molecular composition and physical properties
of the plasma membrane. Indeed, Piezo2 was shown to interact with
STOML3 (Poole et al., 2014), an important regulator of mechanosensitivity
(Wetzel et al., 2007). STOML3 expression potentiates Piezo2 activity via a
mechanism that leads to cholesterol-dependent stiffening of the plasma
membrane (Qi et al., 2015). In support of this, it was shown that an increase
in membrane tension caused by intracellular hypotonicity-induced cell
swelling reversibly activates Piezo2 (Jia et al., 2016). Conversely, phosphoinositide depletion from the plasma membrane leads to suppression of Piezo2
(Borbiro, Badheka, & Rohacs, 2015). Thus, Piezo2 activity is tightly
regulated in neurons by various cellular factors and pathways, including
components of the plasma membrane, most of which have yet to be elucidated (Narayanan et al., 2016).

3. LIGHT TOUCH
3.1 Insights from mice
A transgenic mouse expressing Piezo2eGFP showed that not only is
Piezo2 protein present in the cell bodies of DRG neurons but it is also found
in the nerve terminal in the skin (Ranade et al., 2014). In particular, Piezo2
was identiﬁed in LTMRs innervating the hair follicles, Merkel cells, Meissner
corpuscles (Ranade et al., 2014), in proprioceptive muscle spindles, and Golgi
tendon organs (Woo et al., 2015). Conditional knockout of Piezo2 in DRG
neurons yields a reduction in the total number of mechanosensitive myelinated Ab-ﬁbers as tested through an ex vivo skin nerve preparation (Ranade
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et al., 2014). The remaining mechanosensitive Ab-ﬁbers required more force
to elicit ﬁring and had reduced ﬁring frequency compared to control. SALTMRs exhibit the most striking spiking deﬁcits in the absence of Piezo2,
with a dramatic reduction in spikes on both the onset (dynamic phase) and
hold (static phase) of the mechanical stimulus. Both RA- and SA-LTMRs displayed deﬁcits in velocity detection in the absence of Piezo2. This deﬁcit was
not seen in C-ﬁbers that detect noxious heat, cold, and mechanical stimulation (Ranade et al., 2014). Mice lacking Piezo2 in sensory neurons demonstrate light touch deﬁcits compared to WT, as assayed by stimulation by
von Frey ﬁlaments, response to a piece of tape afﬁxed to the back, and a
two-plate vibration preference test (Ranade et al., 2014). Both ambient and
noxious temperature sensation, in addition to noxious mechanosensation,
were not impaired in these knockout mice (Ranade et al., 2014), indicating
that Piezo2 is not a key component of nociceptor function.
Accumulated evidence shows that Piezo2 is a major but not the only
mechanotransducer in murine DRG. Indeed, some fast MA current remains
in the neurons even after knockout (Ranade et al., 2014; Woo et al., 2015).
This could either be explained by an incomplete Cre-mediated excision or
the presence of other mechanotransducer(s). The deletion of Piezo2 does
not appear to affect the percentage of neurons with intermediate and slow
MA currents. While most of the remaining MA currents probably arise
from nociceptors, electrophysiological recordings in dissociated DRG as
well other considerations discussed earlier suggest that some LTMR
subtypes could also express slow MA current (Coste et al., 2007; Drew
et al., 2007; Lechner et al., 2009; Poole et al., 2014). Further, there is also
a possibility that some ion channels might not be expressed in neuronal
soma in dissociated system, and thus mechanotransducers observed in
DRG neurons in culture may not fully reﬂect the multitude of MA current
in LTMR endings in vivo. Indeed, while the deletion of Piezo2 profoundly
suppresses both LTMR spiking and behavioral responses to light touch, it
does not abrogate either process, warranting further research in this area.

3.2 Insight from other vertebrates
Extensive studies of the role of Piezo2 in mouse have established that the
channel is a key component in light touch detection. Other studies have
aimed to understand if the role of Piezo2 is conserved in other vertebrates.
In zebraﬁsh, a homolog of Piezo2 called piezo2b, likely the result of genome
duplication, was identiﬁed in the somatosensory RohaneBeard cells
(Faucherre, Nargeot, Mangoni, & Jopling, 2013). Morpholino
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oligonucleotide knockdown of piezo2b in zebraﬁsh embryos signiﬁcantly
reduced light touch responses in these embryos compared to wild type,
but had no effect on noxious mechanical or chemical responses (Faucherre
et al., 2013). A test of the mechanosensitivity of piezo2b via overexpression
in cell culture followed by mechanical stimulation in voltage clamp would
determine if this conserved phenotype is due to Piezo2 mechanosensitivity
or some other mechanism.
Tactile specialist organisms provide a unique perspective to studying
mechanosensation (Schneider, Gracheva, & Bagriantsev, 2016). Some
species of ducks, including the domesticated Pekin duck, are tactile-guided
foragers (Zweers, 1977). The glabrous skin covering both dorsal and ventral
surfaces of the duck bill is rich in Grandry (Meissner) and Herbst (Pacinian)
corpusclesdthe principal detectors of the lightest forms of touch and
vibration (Berkhoudt, 1980; Saxod, 1996). The corpuscles are innervated
by trigeminal RA-LTMRs (Arends & Dubbeldam, 1984; Dubbeldam,
Brauch, & Don, 1981; Gottschaldt, 1974; Gregory, 1973; Leitner &
Roumy, 1974). Histological analysis showed that TG of several species of
tactile-foraging duck are rich in large-diameter neurons expressing Piezo2,
where 84% of TG neurons stain positive for Piezo2 mRNA. This is a far
greater proportion of Piezo2-expressing neurons that the typical 20e30%
of Piezo2 mRNA-expressing neurons found using the same method in
duck DRG, mouse TG or DRG, or TG of visually foraging birds (Fig. 4)
(Schneider et al., 2014). Together with the exceptionally high density
(>100 mm2) of Meissner- and Pacinian-like corpuscles in the duck bill

Figure 4 Piezo2 expression in trigeminal ganglia (TG) and dorsal root ganglia (DRG) of
rodents and birds. (A) Representative RNA in situ hybridization images from duck TG
and DRG using Piezo2 antisense probe. (B) Quantiﬁcation of Piezo2 mRNA-expressing
neurons from TG and DRG of mice (Coste et al., 2010), guinea pig (Bron et al., 2014) and
birds (Schneider et al., 2014).
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(Berkhoudt, 1980), these data suggest that duck TG contains high proportion of Piezo2þ RA-LTMRs, providing a molecular basis for the tactiledriven foraging behavior.
Electrophysiological analysis showed that 80% of duck TG neurons are
mechanosensitive in vitro. Unexpectedly, even though >80% of duck
TG neurons express Piezo2, all three types of MA current (fast, intermediate
and slow) are present in, respectively, 20%, 20%, and 60% of the neurons.
Possibly, some neurons express factors that modulate Piezo2 inactivation kinetics, or Piezo2 coexists with unidentiﬁed mechanotransducers with slow
MA current (Schneider et al., 2014). The duck TG is a particularly interesting system for studying mechanosensitivity because of its rich population
of RA-LTMRs innervating Meissner- and Pacinian-like corpuscles in the
glabrous skin of the duck bill. Further study of the role of Piezo2 and other
proteins in this system could provide insight on the basis of mechanosensitivity of Meissner and Pacinian corpuscles, which are innervated by RALTMRs that are very rare in mouse DRG.

4. PROPRIOCEPTION
A subset of mechanosensitive DRG neurons are proprioceptors marked
by the expression of parvalbumin (Pvalb) (Arber, Ladle, Lin, Frank, & Jessell,
2000). Proprioceptors are SA-LTMRs that innervate muscle and the Golgi
tendon organ and provide information on body and limb position (Proske &
Gandevia, 2012). A recent study showed that Piezo2 is the main mechanotransducer in mouse proprioceptors (Woo et al., 2015). Woo et al. used two conditional Piezo2 knockout mouse strains obtained by crossing a Piezo2f l/f l strain
to Pvalb-Cre, resulting in Piezo2 knockout in parvalbumin-expressing proprioceptors and some cutaneous mechanoreceptors; and HoxB8-Cre to target
Piezo2 in a broader population of DRG neurons, inclusive of proprioceptors,
in the caudal (lower thoracic, lumbar) body segments (Woo et al., 2015).
Piezo2cKO mice retained the wild-type number of proprioceptors in
DRG but exhibited profoundly impaired coordination in both pairs of limbs
in Pvalb-Cre; Piezo2cKO and in hind limbs only in HoxB8-Cre; Piezo2cKO,
consistent with the caudal bias of HoxB8-Cre activity. Comparison of
muscle spindle ﬁring properties between WT and Piezo2cKO mice in an
ex vivo muscle stretch preparation revealed a profound impairment of
baseline and stretch-activated spiking in muscle-innervating afferents in
Piezo2cKO mice, demonstrating that Piezo2 is vital for stretch-induced proprioceptor activity (Woo et al., 2015).
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Dissociation of DRG neurons from Pvalb-Cre; TdTomato allowed for
identiﬁcation of a proprioceptor-rich population in vitro. Mechanical
stimulation of TdTomato-positive neurons predominately yields fast MA
currents in 89.5% of the cells, similar to the kinetics of Piezo2 in HEK293
(Fig. 3B). In contrast, only 8.3% of ﬂuorescent DRG neurons from PvalbCre; TdTomato; Piezo2cKO mice exhibited fast MA current. Interestingly, a
small subset of these neurons has intermediate MA current, and the proportion of these neurons increases with Piezo2 conditional knockout (Woo et al.,
2015). This suggests that another mechanotransducer ion channel could
exist in this subset of neurons, although the fact that some Pvalbþ neurons
are cutaneous mechanoreceptors means that neurons with intermediate
MA current are not necessarily proprioceptors. Nevertheless, considering
the severe behavioral phenotypes of proprioceptor-speciﬁc Piezo2 knockout,
the channel appears to be the principal mechanotransducer in proprioceptors.
Recently, an elegant study by the Ana Gomis group corroborated this
conclusion using proprioceptive neurons from the mesencephalic ganglion,
which contains a rather homogeneous population of proprioceptors
(Florez-Paz, Bali, Kuner, & Gomis, 2016).
Interestingly, even though proprioceptors express Piezo2-dependent
MA current with fast kinetics of inactivation, they exhibit a slowly adapting pattern of afferent discharge (Proske & Gandevia, 2012; Woo et al.,
2015). The discontinuity between MA current inactivation and ﬁring
adaptation rates is puzzling. It is possible that the fast MA current measured
in a dissociated soma does not fully reﬂect the situation in the afferent
ending, where the kinetics of inactivation could be prolonged by unknown
factors. Alternatively, the geometry of the muscle spindle could lead to a
sequential engagement and disengagement of Piezo2 molecules, leading
to repetitive generation of MA currents. It is also possible that slow adaptation requires a contribution from the somatic components surrounding
the afferent ending in the muscle spindle, which are yet to be identiﬁed.
The latter scenario has been shown to exist in the Merkel celleneurite
complexes.

5. MERKEL CELLS
Static mechanical stimuli, rough surface textures, as well as guard hair
and whisker deﬂections are detected by Merkel celleneurite complexes.
The complex is composed of a modiﬁed mechanosensitive epithelial cell
(Merkel cell) and a slowly adapting type I LTMR (SAI-LTMR). Recent
works demonstrated that both the somatic and neural components of the
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complex are mechanosensitive and depend on the expression of Piezo2
(Ikeda et al., 2014; Maksimovic et al., 2014; Woo et al., 2014).
Voltage clamp recording from Merkel cells in situ in the mouse whisker
follicles revealed that the cells are mechanosensitive, exhibiting fast MA
current (Ikeda et al., 2014). A similar current was detected in vitro in
Merkel cells isolated from cutaneous touch domes (Maksimovic et al.,
2014; Woo et al., 2014). The MA current closely resembles Piezo2 activity
in cultured cell lines both in terms of fast kinetics of inactivation and
inhibition by Gd3þ and ruthenium red (Coste et al., 2010). The injection
of an antibody or shRNA against Piezo2 into the whisker follicle suppressed
MA current in Merkel cells in situ (Ikeda et al., 2014), whereas skin-speciﬁc
knockout of Piezo2 in mice (Krt14-Cre;Piezo2 f l/f l;Atoh1GFP) abolished MA
current of isolated Merkel cells in vitro (Woo et al., 2014).
Interestingly, these studies also revealed that mechanical stimulation of
mouse Merkel cells in current clamp mode yielded sustained depolarization
and in some cases, Ca2þ-dependent action potentials (Ikeda et al., 2014;
Woo et al., 2014). This mechanically evoked depolarization is absent in
Krt14-Cre and Piezo2 f l/f l mice (Woo et al., 2014). Recordings from SAILTMRs ex vivo showed that conditional knockout of Piezo2 in Merkel cells
greatly reduced the number of spikes ﬁred in the static phase of the
stimulation, while ﬁring in the dynamic phase stayed mostly intact (Ikeda
et al., 2014; Maksimovic et al., 2014; Woo et al., 2014). Rather than ﬁring
for the duration of the stimulus, Piezo2 CKO ﬁbers only ﬁre for part of the
static phase, thus displaying intermediate adaptation to mechanical stimulation (Maksimovic et al., 2014; Woo et al., 2014). This suggests that Piezo2mediated activation of Merkel cells is not necessary for SAI-LTMR ﬁring,
but contributes to sustained nerve ﬁring in the static phase of stimulation.
To better probe the role of Merkel cell excitation in SAI-LTMR ﬁring,
Maksimovic et al. made a mouse that expresses channelrhodopsin in Merkel
cells. Light-induced activation of channelrhodopsin-expressing Merkel cells
ex vivo gave rise to sustained afferent ﬁring with an impaired dynamic phase
(Maksimovic et al., 2014). This suggests that afferent stimulation is important
for dynamic ﬁring, while Merkel cells are most important for sustained ﬁring
during the static phase. As discussed earlier, Piezo2 is present in SAI terminals
(Ranade et al., 2014), so it is likely that Piezo2 underlies SAI-LTMR
mechanosensitivity during the dynamic phase.
Skin-speciﬁc Merkel cell Piezo2 deﬁciency also causes behavioral light
touch deﬁcits. Piezo2 CKO mice exhibit decreased sensitivity to von Frey
ﬁlament stimulation of 1.5 g and lower (Woo et al., 2014). Mice injected
with capsaicin in the facial region demonstrate nocifensive responses to
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low-speed whisker stimulation, while follicular injection of shRNA against
Piezo2 signiﬁcantly reduces this nocifensive behavior (Ikeda et al., 2014).
This impairment is strikingly similar to that caused by the injection of the
voltage-gated calcium channel blockers Cd2þ, felodipine, and u-conotoxin
MVIIC (Ikeda et al., 2014), indicating that inhibition of Merkel cell activation can lead to behavioral light touch deﬁcits. Together, these data support
the idea that Piezo2 is a principal mechanotransducer in Merkel cells that
helps the detection of light touch and whisker deﬂection in vivo.

6. NOCICEPTION
RNA in situ hybridization revealed that Piezo2 expression is
not restricted to A- and C-type LTMRs. The channel is found in 60%
of peripherin-expressing neurons, a group encompassing both peptidergic
and nonpeptidergic C-ﬁbers (Goldstein, House, & Gainer, 1991), and in
24% of TRPV1þ polymodal peptidergic nociceptors (Coste et al., 2010).
This colocalization with TRPV1 is also observed on the functional level.
In dissociated mouse DRG culture, small diameter neurons can be
identiﬁed that display both fast, Piezo2-like MA currents and currents
induced by capsaicin, a speciﬁc agonist of TRPV1 (Borbiro et al., 2015;
Caterina et al., 2000). In such neurons, activation of TRPV1 by capsaicin
almost completely eliminates fast MA current, an effect that can be reproduced in HEK293 cells coexpressing TRPV1 and Piezo2 (Borbiro et al.,
2015). The mechanism of this inhibition is based on Ca2þ-dependent
depletion of phospholipids in the plasma membrane. Capsaicin is known
to cause local analgesia, including numbing of mechanosensory perception,
which follows the initial sensation of burning. The inhibition of Piezo2mediated MA current in response to TRPV1 activation in nociceptors
provides a molecular explanation for the analgesic effect of capsaicin
(Borbiro et al., 2015).
Despite the expression of Piezo2 in murine nociceptors, it does not seem
to be necessary for noxious mechanical sensation under normal conditions,
as Piezo2 CKO in DRG neurons does not signiﬁcantly change behavioral
responses to pain (Ranade et al., 2014). However, Piezo2 appears to play
a role in mechanical allodynia, a speciﬁc facet of pain sensitization whereby
normally innocuous stimuli are perceived as painful as a result of tissue
damage or inﬂammation. Nerve dissection leads to the production of
cAMP, which contributes to mechanical allodynia via a mechanism
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involving activation of the cAMP sensor Epac1. Mechanical allodynia can
be directly induced by the injection of a cAMP analog and Epac1 agonist
8-pCPT (Eijkelkamp et al., 2013). In dissociated large diameter DRG
neurons, 8-pCPT is capable of potentiating fast MA current, a trend that
holds true in HEK293T cells cotransfected with human Piezo2 and
Epac1. Consistently, intrathecal injection of oligodeoxynucleotides against
Piezo2 in mice partially rescues Epac1-mediated reduction in threshold to
mechanical stimulation by von Frey ﬁlaments, both in 8-pCPT and injury
models (Eijkelkamp et al., 2013).
The mechanism of the Epac1ePiezo2 cross talk is probably indirect and
involves the activation of the Ras-like GTPase Rap1 via GDP to GTP
exchange. Rap1, in turn, activates a host of signaling cascades, including
PKC (Breckler et al., 2011), which was shown to facilitate Piezo2 current
in neurons (Dubin et al., 2012). These results are also in line with the
reported positive effect of GTP on Piezo2 current (Jia et al., 2013). A recent
study determined that the Epac2ePiezo2 pathway is modulated by the
phosphokinase GRK2, which phosphorylates Epac1, inhibiting the ensuing
GDPeGTP exchange in Rap1 (Singhmar et al., 2016).
Interestingly, the Epac1-mediated allodynia persists in animals with a
genomic ablation of Nav1.8, a voltage-gated ion channel critical for the
generation of action potential in the majority of nociceptors (Akopian, Sivilotti, & Wood, 1996; Renganathan, Cummins, & Waxman, 2001; Sangameswaran et al., 1996; Shields et al., 2012). Thus the phenomenon
appears to occur in a very speciﬁc subset of neurons, which await identiﬁcation. A recent study detected Piezo2 expression in vascular endothelial cells.
The injection of oligodeoxynucleotides against Piezo2 in the skin protects
against endothelin- and oxaliplatin-induced pain, supporting a role for the
channel in hyperalgesia (Ferrari et al., 2015). Overall, the involvement of
Piezo2 in nociception has only started to emerge and requires further study.
While recent studies have revealed a likely role of Piezo2 in various types
of painful responses, the channel is not the principal mechanotransducer of
high-threshold mechanoreceptors (HTMRs). First, the deletion of Piezo2 in
DRG neurons does not signiﬁcantly alter pain responses (Ranade et al.,
2014). Second, HTMRs are probably subserved by mechanotransducers
with a Piezo2-independent slowly inactivating MA current (Hao & Delmas,
2010; Lechner et al., 2009; Rugiero et al., 2010), which exhibits properties
different from the fast MA current mediated by Piezo2 (Coste et al., 2010;
Hu & Lewin, 2006; Ranade et al., 2014). The identity of this molecule
remains to be determined.
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7. CONCLUSIONS AND PERSPECTIVES
Cutaneous and proprioceptive mechanosensation is dependent on
mechanogated ion channels present in the neural and somatic components
of mechanosensory end-organs. Evidence show that Piezo2 is expressed
in SAI- and RAI-LTMRs, nociceptors, and in somatic Merkel cells. Additionally, knockout studies in mice show that Piezo2 is critical for many aspects of light touch and proprioception. In agreement with the mouse data,
humans carrying non-functional Piezo2 display profound mechanosensory
and proprioceptive deﬁcits (Chesler et al., 2016; Delle Vedove et al.,
2016; Mahmud et al., 2016). Knockdown experiments also indicate that it
may play a role in the development of hyperalgesia. However, electrophysiological and behavioral studies demonstrate that Piezo2 is not the sole somatosensory mechanotransducer. It is ﬁrmly established that Piezo2
mediates fast inactivating MA current in neuronal mechanoreceptors, but
the transducers of intermediate and slow inactivating MA current (Hong
et al., 2016), and their physiological specialization in innocuous and noxious
mechanosensation require further investigation.
The identiﬁcation of neuronal mechanotransducers will help understand
the relationship between the kinetics of MA current inactivation in the
afferent ending and pattern of ﬁring adaptation. This probably involves cross
talk between mechanotransducers, voltage-gated ion channels that generate
the action potential, and somatic components of the mechanoreceptive end
organs, such as Merkel cells. Understanding the molecular identity and functional relationship between these components will reveal the mechanism of
cutaneous receptor ﬁne-tuning, which allows the end organs to detect mechanical stimuli of speciﬁc force, duration, and frequency. Further research
using standard laboratory rodents and tactile specialists is needed to understand mechanosensation, which remains the least well-understood sense at
the cellular and molecular level.
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