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Abstract

The recently identified mechanically activated (MA) Piezo1 and Piezo2 channels play major roles 

in various aspects of mechanosensation in mammals, and their mutations are associated with 

human diseases. Recent reports show that activation of cell surface receptors coupled to 

heterotrimeric Gq proteins, as well as activation of the cAMP pathway potentiate Piezo2 channels. 

This phenomenon may play a role in mechanical allodynia or hyperalgesia during inflammation. 

Both Piezo1 and Piezo2 channels are inhibited upon depletion of plasma membrane 

phosphoinositides, in response to PLC activation by Ca2+ influx via the Transient Receptor 

Potential Vanilloid 1 (TRPV1) channels. This review will discuss current knowledge on regulation 

of Piezo channels by these intracellular signaling pathways.
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1. Introduction

Piezo1 and Piezo2 channels (Volkers et al., 2014) were identified in 2010 in an siRNA 

screen to knock down endogenous MA currents in the neuronal cell line Neuro2A (Coste et 

al., 2010). Unlike previous candidates for excitatory mammalian MA channels (Sachs, 

2010), the expression of Piezo1 heterologous systems results in large MA currents (Coste et 

al., 2010; Gottlieb and Sachs, 2012; Bae et al., 2013b; Borbiro et al., 2015). Piezo2 is more 

difficult to express, probably due to its cytotoxicity, but there are reports from several 

laboratories reporting MA currents from heterologously expressed Piezo2 (Coste et al., 

2010; Eijkelkamp et al., 2013; Borbiro et al., 2015). Piezos are Ca2+-permeable non-

selective cation channels, with no similarity to any other protein and they contain no known 

protein domains. Piezo1 and Piezo2 share 47% identity with each other; they are large 

proteins, predicted to have 24–36 transmembrane domains, and the recently determined 

cryoEM structure of Piezo1 shows a trimeric structure (Ge et al., 2015). Piezo1 is expressed 

in several organs that have important mechanosensory functions, including the skin, the 

bladder and the lungs (Coste et al., 2010). Piezo2 is highly expressed in DRG neurons, 

where its siRNA mediated knockdown selectively eliminated rapidly adapting MA currents, 

while leaving intermediate and slowly adapting MA currents intact (Coste et al., 2010).
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The global deletion of either Piezo1 (Ranade et al., 2014a) or Piezo2 (Dubin et al., 2012) in 

mice is embryonic lethal. Deletion of Piezo1 in vascular endothelium leads to severe defects 

in vascular development (Li et al., 2014). Skin specific deletion of Piezo2 leads to defects in 

Merkel cell mechanosensation (Maksimovic et al., 2014; Woo et al., 2014), whereas 

combined deletion of Piezo2 in Merkel cells and DRG neurons lead to marked defects in 

sensation of light touch (Ranade, 2014). Specific deletion of Piezo2 in proprioceptive 

sensory neurons lead to severely uncoordinated body movement, demonstrating the 

importance of Piezo2 in proprioception (Woo et al., 2015).

Mutations in Piezo channels have been shown to cause a variety of diseases in humans. 

Gain-of-function mutations in Piezo1 with reduced inactivation (Bae et al., 2013a) are 

associated with hereditary xerocytosis (Zarychanski et al., 2012; Andolfo et al., 2013), 

characterized by dehydration of red blood cells and hemolytic anemia. Gain of function 

mutations in Piezo2 cause Distal Arthrogryposis with restrictive pulmonary disease, and 

various musculoskeletal abnormalities (Coste et al., 2013). Loss of function mutations in 

Piezo1 in humans cause autosomal recessive congenital lymphatic dysplasia (Lukacs et al., 

2015).

Intracellular second messengers, such as cyclic nucleotides and phospholipid-derived 

signaling molecules, regulate many ion channels. Compared to other channels, relatively 

little is known on the modulation of Piezo channels by intracellular signaling pathways. This 

chapter will summarize the current knowledge on this topic. We will discuss the effects of 

phosphoinositide-derived signals, and cAMP on Piezo channels, thus we first briefly 

introduce these two signaling pathways.

2. Phospholipase C (PLC) and cAMP Signaling

2.1 Phosphoinositide signaling

Phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] is generated by two phosphorylation steps 

from phosphatidylinositol (PI) (Balla, 2013). PLC enzymes catalyze the hydrolysis of 

PI(4,5)P2 and the formation of the two classical second messengers inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG). IP3 induces Ca2+ release from the 

endoplasmic reticulum, by binding to its receptor, which is a Ca2+ permeable ion channel. 

DAG is an activator of Protein Kinase C (PKC). Conventional PKC isoforms (PKCα, β1, β2 

and γ) are activated by DAG and Ca2+. Novel PKC isoforms (PKCδ, ε, θ, and η) are Ca2+ 

insensitive, but they are activated by DAG, and their affinity for this lipid is much higher 

than that of conventional isoforms. The regulation of atypical (ζ,ι) isoforms is less well 

understood (Newton, 2010).

PLCβ isoforms (PLCβ1–4) are activated by G-protein coupled receptors (GPCR) that couple 

to the Gq family of heterotrimeric G-proteins; PLCγ-s (PLCγ1 and 2) are activated by 

receptor tyrosine kinases, but PLCδ isoforms (PLCδ1, δ3 and δ4) do not have any obvious 

activators. While all PLC-s need some Ca2+ for activity, PLCδ-s are the most sensitive to 

Ca2+ among the three classical PLC groups, and they can be activated by Ca2+ influx alone 

(Allen et al., 1997; Lukacs et al., 2013). In addition to the classical PLC-s, newer isoforms 
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have also been cloned more recently (PLCη1 and η2 and PLCε); their regulation is less well 

understood (Fukami et al., 2010).

Besides being a precursor for second messengers, PI(4,5)P2 has several important direct 

biological roles, for example it is involved in cytoskeletal organization and membrane 

trafficking (Saarikangas et al., 2010). PI(4,5)P2 and other phosphoinositides are emerging as 

a regulators of many different mammalian ion channels (Hilgemann et al., 2001; Suh and 

Hille, 2008; Logothetis et al., 2015), including most sensory and other TRP channels 

(Rohacs, 2014).

To put the effects of various phosphoinositides in context, we need to consider their in situ 
concentrations. PI(4,5)P2 constitutes up to 1 % of the phospholipids in the plasma 

membrane; its precursor PI(4)P is found in comparable quantities (Fruman et al., 1998). 

Their precursor PI constitutes up to 10% of membrane lipids (Fruman et al., 1998), but it has 

no effect on most PI(4,5)P2 sensitive channels, and its concentration is not expected to 

change significantly upon PLC activation. PI(3,4,5)P2 and PI(3,4)P2, the products of PI3-

Kinase enzymes may also activate some PI(4,5)P2 sensitive ion channels, but their 

concentrations in the plasma membrane do not exceed 0.1 % (Fruman et al., 1998), thus 

their effect is generally overridden by the much higher concentration of PI(4,5)P2. Therefore 

the two most likely phosphoinositides regulating ion channels are PI(4,5)P2 and PI(4)P; both 

these lipids are substrates for PLC, even though most PLC isoforms prefer PI(4)P. Most 

attention has been paid so far to PI(4,5)P2, but PI(4)P also regulates certain ion channels, 

and its role as an independent signaling entity is beginning to be appreciated (Hammond et 

al., 2012; Lukacs et al., 2013).

2.2 cAMP signaling

Cyclic adenosine monophosphate (cAMP) is formed by Adenylate cyclase enzymes, which 

are activated by receptors that couple to Gs heterotrimeric G-proteins. The three major 

targets of cAMP are Protein Kinase A (PKA) enzymes, cyclic nucleotide gated (CNG) ion 

channels, and EPAC (exchange protein directly activated by cAMP) (Borland et al., 2009; 

Gloerich and Bos, 2010). EPAC is the most recently described target; it was identified in a 

database screen to explain the PKA-independent activation of the small G-protein Rap by 

cAMP (Gloerich and Bos, 2010). EPAC1 and EPAC2 are present in most tissues, and they 

function as guanine nucleotide exchange factors (GEFs) for both Rap1 and Rap2, which 

belong to the Ras family of small G proteins. These G-proteins cycle between the inactive 

GDP-bound state and the active GTP-bound state. GEFs accelerate the exchange of GDP for 

GTP and thus activate the G protein, whereas GTPase-activating proteins (GAPs) enhance 

GTP hydrolysis, thus inactivate the G-protein. Several cAMP analogues, such as 8-pCPT are 

available that selectively interact with EPAC1 and EPAC2. The rationale for this selective 

agonism is that EPAC proteins lack the glutamate that interacts with the 2-OH group of the 

ribose of cAMP in PKA and cAMP-gated ion channels (Borland et al., 2009; Gloerich and 

Bos, 2010).
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3. Sensitization of sensory ion channels by inflammatory pathways

Under inflammatory conditions neurons show enhanced sensitivity to painful stimuli 

(hyperalgesia) and abnormal pain sensitivity to non-painful stimuli (allodynia). There are 

multiple inflammatory signaling pathways known to sensitize sensory neurons to both 

thermal and mechanical stimuli (Linley et al., 2012), here we briefly discuss sensitization of 

the heat- and capsaicin-dependent Transient Receptor Potential Vanilloid 1 (TRPV1) 

channels.

Thermal hyperalgesia in mice is largely dependent on TRPV1 (Caterina et al., 2000; Davis 

et al., 2000). While the expression level of these channels may increase in chronic 

inflammation, there are also important acute signaling events that increase the activity of 

TRPV1 downstream of the activation of both Gq and Gs coupled receptors. Bradykinin, the 

classic, very well studied sensitizing agent is a pro-inflammatory peptide is generated after 

tissue injury and noxious stimulation (Petho and Reeh, 2012). Bradykinin receptors (B1 and 

B2) are GPCR-s; they stimulate PLCβ enzymes through the Gαq subunits of heterotrimeric 

G-proteins. Extracellular ATP acting on Gq coupled purinergic receptors also sensitizes 

TRPV1 (Tominaga et al., 2001). The downstream activation of PKC will lead to the 

phosphorylation of TRPV1 on S501 and S800 residues (Numazaki et al., 2002), and thus 

sensitize the channel to heat and chemical activation. This phosphorylation shifts the 

capsaicin concentration-response to the left, without substantial effect on maximal currents, 

leading to selective enhancement of TRPV1 activity at moderate stimulation levels. 

Sensitivity to heat and low extracellular pH also increases during sensitization (Tominaga et 

al., 2001).

Gq-coupled receptors were also proposed to sensitize TRPV1 channels by decreasing 

PI(4,5)P2 levels, and relieving TRPV1 from tonic inhibition by this lipid (Chuang et al., 

2001). Later it was found by several laboratories that PI(4,5)P2 activates, rather than inhibits 

TRPV1 in excised inside out patches (Stein et al., 2006; Lukacs et al., 2007; Poblete et al., 

2014). Nevertheless, in a cellular context, there may be an indirect inhibitory effect of 

PI(4,5)P2, relieve from which by PI(4,5)P2 hydrolysis potentiates the effect of PKC 

activation (Lukacs et al., 2013). Detailed discussion of this complex topic is beyond the 

scope of this chapter, and has been reviewed in detail recently (Rohacs, 2015).

Some inflammatory agents such as prostaglandin E2 act via Gs coupled receptors. While 

less studied than the PLC pathway, activation of the cAMP pathways also sensitizes TRPV1 

via PKA mediated phosphorylation (Rathee et al., 2002). Interestingly, the A-kinase 

anchoring protein AKAP150 is required for TRPV1 sensitization by not only the PKA, but 

also the PKC pathway (Zhang et al., 2008).

Little is known about the molecular targets of inflammatory agents in mechanical 

hyperalgesia and allodynia, but there is evidence that Piezo2 channel activity is enhanced in 

sensory neurons by various inflammatory signaling pathways. Below we will give an 

overview of Piezo2 channel sensitizing pathways.
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3.1 Piezo2 potentiation by Gq-coupled receptors

Shortly after the discovery of Piezo channels the Patapoutian group reported that activation 

of bradykinin receptors increased Piezo2-mediated rapidly adapting MA current amplitudes 

in sensory DRG neurons (Dubin et al., 2012). The B2 bradykinin receptor antagonist 

HOE-140 (icatibant) blocked the bradykinin-induced modulation, indicating that 

endogenous B2 receptors were responsible for the observed effects. The effect of Bradykinin 

was abolished by combined inhibition of PKC with bisindolylmaleimide (BIM) and PKA 

using H89. When B2 bradykinin receptors were heterologously expressed together with 

Piezo2 in HEK cells, the amplitude of piezo2- mediated MA currents increased and their 

inactivation slowed upon exposure to bradykinin. The Gβγ inhibitor gallein did not inhibit 

the potentiating effect of Bradykinin (Dubin et al., 2012), but including the non-

hydrolyzable GTP analogue GTPγS in the patch pipette potentiated the currents, suggesting 

the role of Gα subunits (Dubin et al., 2012). Consistent with this, a subsequent study 

showed that including GTP in the patch pipette potentiated rapidly adapting MA currents in 

DRG neurons (Jia et al., 2013). The potentiating effect of Bradykinin was abolished by the 

combined inhibition of PKC and PKA, but not by applying one, or the other protein kinase 

inhibitor alone (Dubin et al., 2012). The PKA activator 8-BrcAMP and the PKC agonist 

PMA also potentiates Piezo2 currents, suggesting that both pathways are capable of 

similarly modulating Piezo2. The PLC inhibitor U73122, and depleting intracellular Ca2+ 

stores using thapsigargin had no effect on Bradykinin induced changes in Piezo2 currents. 

The PLC activator m-3M3FBS had no effect on Piezo2 current amplitudes.

The overall conclusion of the paper by (Dubin et al., 2012) is that bradykinin receptor 

activation potentiates Piezo2 currents by activating both PKC and PKA. There are several 

open questions, however. Both B1 and B2 receptors act via Gq and to some extent Gi 

heterotrimeric G-proteins (Leeb-Lundberg et al., 2005). Gαq activates PLC directly, and Gi 

signaling may also activate PLC via Gβγ subunits, but Gi inhibits the formation of cAMP. 

How PKA is activated upon bradykinin receptor stimulation, is unclear. It is also not clear, 

how neither PLC inhibitors nor a PLC activator had any effect on Piezo2 currents, when the 

downstream PKC was concluded to be involved in potentiation by bradykinin.

Extracellular ATP when released from damaged tissue can directly activate pain-sensing 

neurons through P2X ionotropic receptors, and the metabotropic P2Y receptor activation by 

ATP results in sensitization to noxious stimuli (Tominaga et al., 2001). Lechner & Lewin 

found that application of ATP and UTP potentiated rapidly adapting MA currents in a 

nociceptive subset of mouse DRG neurons (Lechner and Lewin, 2009). Rapidly adapting 

currents in large mechanoreceptors, as well as intermediate and slowly adapting MA 

currents were not potentiated by UTP. These results were obtained before the cloning of 

Piezo2, channels, but they are in line with the bradykinin-induced sensitization described 

previously. Extracellular nucleotides also potentiated mechanically evoked action potentials 

in 41% of c-fibers in the skin-nerve preparation. Responses of low-threshold 

mechanoreceptors and D-hair mechanoreceptors were not altered by the addition UTP. The 

potentiating effect of ATP on MA currents was not sensitive to inhibitors of P2X channels. 

UTP, which has low affinity for P2X receptors, was equally effective as ATP, thus the 

authors concluded that the potentiating effect was due to P2Y signaling (Lechner and Lewin, 
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2009). P2Y receptors couple to Gαq and are known to activate PKC, but the authors did not 

perform experiments to study the mechanism of potentiation of MA currents. They argued 

however that the potentiating effect of P2Y activation is independent of PKC based on an 

earlier report with pharmacological activation of PKC using the phorbol ester PMA (Di 

Castro et al., 2006). The effect of PMA developed in 1 hour, and was essentially irreversible 

(Di Castro et al., 2006), while UTP acted within minutes and the effect was quickly 

reversible (Lechner and Lewin, 2009).

Overall, there is independent evidence from two laboratories showing that activation of Gq-

coupled receptors potentiates Piezo2 currents, but deciphering the mechanism of this 

phenomenon will require further work.

3.2 Piezo2 regulation by the cAMP-EPAC pathway

During inflammation prostaglandin (PG) levels increase and these short-lived tissue 

hormones add to the scope of sensory neuron sensitization when continuously formed and 

thus having a long lasting sustained effect. They are derived from arachidonic acid by 

cyclooxygenase (COX) enzymes locally. Some prostanoids, such as PGE2 act via Gs-

coupled receptors, thus increase intracellular cAMP levels. Prostanoids induce prolonged 

mechanical hyperalgesia, the mechanism of which is not very well established (Petho and 

Reeh, 2012). Two studies discussed below found that cAMP acting via EPAC1 potentiates 

Piezo2 currents, and this phenomenon may be involved in mechanical hyperalgesia / 

allodynia.

Application of the EPAC-selective cAMP analogue 8-pCPT increased peak amplitudes of 

rapidly adapting MA currents in large mouse DRG neurons (Eijkelkamp et al., 2013). In 

HEK cells, coexpressing human Piezo2 and EPAC1, 8-pCPT potentiated rapidly adapting 

MA currents. Interestingly, 8-pCPT had only a minimal effect on MA currents in HEK cells 

co-expressing hPiezo2 and EPAC2 (Eijkelkamp et al., 2013).

The same study found that EPAC1 levels increased in a nerve injury model, and mechanical 

allodynia induced by nerve damage was attenuated in EPAC−/− mice. Intraplantar injection 

of 8-pCPT induced long lasting mechanical allodynia, which persisted when Nav1.8 

expressing nociceptors were depleted using diphtheria-toxin, but was attenuated by 

intrathecal injection of Piezo2 antisense oligonucleotides. Interestingly, mechanical 

allodynia induced by a PKA-selective cAMP analogue (6-Bnz-cAMP) was attenuated in 

mice in which Nav1.8+ neurons were depleted, pointing to different mechanisms for the 

PKA and EPAC pathways in inducing hypersensitivity (Eijkelkamp et al., 2013).

Eijkelkamp et al also found that the PKC activator PMA did not potentiate human Piezo2 

currents, a finding contradicting the results of (Dubin et al., 2012), who as mentioned earlier 

found that PMA potentiated mouse Piezo2 currents. The PKA specific cAMP analogue 6-

Bnz-cAMP also did not increase Piezo2 current amplitudes (Eijkelkamp et al., 2013).

Another recent study confirmed the potentiation of Piezo2 channels by 8-pCPT in HEK cells 

expressing EPAC1, and also found that coexpressing G-protein kinase 2 (GRK2) attenuated 

this effect (Singhmar et al., 2016). Additionally EPAC1−/− mice were protected against 
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inflammatory hyperalgesia induced by complete Freund’s adjuvant (CFA). Moreover 

intrathecal administration of Piezo2 antisense oligonucleotides inhibited mechanical, but not 

thermal hyperalgesia. The inhibitory effect of Piezo2 antisense injection started on day 3 

after injection of CFA. One day after CFA injection the Piezo2 antisense had no effect 

(Singhmar et al., 2016), which is consistent with an earlier finding that combined genetic 

deletion of Piezo2 in DRG and in Merkel cells in mice, had no effect on mechanical 

allodynia after 24 hours of CFA injection (Ranade et al., 2014b).

The studies discussed here (Eijkelkamp et al., 2013; Singhmar et al., 2016) agree that cAMP 

signaling via EPAC1 stimulate Piezo2 activity, which plays a role in mechanical allodynia. 

While the agreement from two independent reports makes a strong case, open questions 

remain. For example, none of the studies identified the effector downstream of EPAC1, and 

the mechanism by which Piezo2 is potentiated. Also, they did not demonstrate that receptor 

mediated increase in cAMP is sufficient to potentiate Piezo2 currents via this pathway.

4. Calcium-induced inhibition of Piezo channels – the role of 

phosphoinositides

The heat- and capsaicin-sensitive TRPV1 channels, and Piezo2 are coexpressed in a subset 

of small sensory neurons (Coste et al., 2010). We found that in these cells application of 

capsaicin abrogated the rapidly adapting MA currents (Borbiro et al., 2015). This 

phenomenon was observed only in neurons with the characteristic capsaicin-induced TRPV1 

currents. When Piezo2 and TRPV1 were coexpressed in HEK cells, capsaicin robustly 

inhibited MA Piezo2 currents, and this effect was dependent on the presence of extracellular 

Ca2+, showing the importance of Ca2+ influx through TRPV1 channels. Similarly, in a 

heterologous system coexpressing TRPV1 and Piezo1, capsaicin inhibited MA currents, and 

this effect disappeared in a Ca2+ free extracellular medium.

We have shown earlier that both in an expression system (Lukacs et al., 2007) and in native 

DRG neurons (Lukacs et al., 2013), Ca2+ influx via TRPV1 leads to the activation of a 

PLCδ isoform, with a concomitant robust decrease in PI(4,5)P2 and PI(4)P levels in the 

plasma membrane. TRPV1 requires phosphoinositides for activity, and this phenomenon 

plays an important role in the desensitization of this channel (Rohacs, 2015). As PI(4,5)P2 is 

required for the activity of many different ion channels, we tested if phosphoinositide 

depletion was responsible for Piezo channel inhibition (Borbiro et al., 2015).

We found that intracellular application of excess PI(4,5)P2 or PI(4)P in whole cell patch 

clamp attenuated the inhibitory effect of capsaicin on mechanically evoked Piezo1 currents. 

Activation of chemically inducible phosphoinositide phosphatases, which deplete 

phosphoinositides (Varnai et al., 2006; Hammond et al., 2012) without the formation of IP3 

or DAG, also inhibited Piezo1 currents (Borbiro et al., 2015). Pseudojanin, the inducible 

phosphatase that dephosphorylates both PI(4,5)P2 and PI(4)P was more effective than a 5’ 

phosphatase, arguing for the importance of both PI(4,5)P2 and PI(4)P. Note that the 

inhibition by the inducible phosphatases took several minutes to develop, in contrast to the 

almost immediate inhibition upon the activation of TRPV1. Finally, Piezo1 current activity 

ran down in excised patches, a phenomenon characteristic of PI(4,5)P2 dependent ion 
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channels (Rohacs et al., 2002). Phosphoinositides, PI(4,5)P2 and PI(4)P applied together 

inhibited rundown of MA Piezo1 currents in inside-out patches (Borbiro et al., 2015). 

Overall, these data show that Piezo channels require phosphoinositides for activity. Attempts 

to reactivate Piezo1 currents after rundown, however, resulted in variable results (Borbiro et 

al., 2015), in contrast to the very reliable reactivation of most PI(4,5)P2 dependent ion 

channels in the excised patch configuration (Rohacs, 2014). This shows that the relationship 

between phosphoinositides and Piezo channels, may be more complex than the lipid being a 

cofactor directly activating the channel, and points to the potential importance of other 

cellular components.

In contrast to the robust and complete inhibition of Piezo1 currents by TRPV1 activation, 

activation of the Gq coupled M1 muscarinic receptors by carbachol lead only to a slow and 

marginal inhibition of Piezo1 currents (Borbiro et al., 2015). When we measured PI(4,5)P2 

and PI(4)P levels with fluorescence based sensors, we found that TRPV1 activation lead to 

somewhat larger decrease in PI(4,5)P2 and a much larger decrease in PI(4)P levels than 

carbachol (Borbiro et al., 2015). This is consistent with our earlier finding that in DRG 

neurons, TRPV1 activation by capsaicin induced a robust decrease of both PI(4,5)P2 and 

PI(4)P, but activation of bradykinin receptors only induced a small decrease in PI(4,5)P2 

levels, and no detectable change in PI(4)P (Lukacs et al., 2013). Overall, it is likely that 

Piezo1 channels have high apparent affinity for phosphoinositides, and only robust and 

combined depletion of PI(4,5)P2 and PI(4)P inhibits them. Consistent with this idea, when 

we used ATP free intracellular pipette solutions, a maneuver shown to make 

phosphoinositide depletion irreversible (Suh and Hille, 2002), carbachol induced a much 

larger, inhibition of Piezo1 currents, compared to experiments with ATP in the patch pipette 

(Borbiro et al., 2015).

Capsaicin has long been used as a local analgesic, after an initial burning sensation, it 

relieves pain (Szallasi and Blumberg, 1999). While the effects of capsaicin are complex, 

they involve desensitization of TRPV1 itself, inhibition of other ion channels, and even local 

nerve degeneration, inhibition of Piezo2 channels may also contribute to its local analgesic 

effect.

Inhibition of Piezo1 currents was not specific to capsaicin-induced activation of TRPV1, 

both activation of TRPA1 with mustard oil, and activation of TRPV1 by low extracellular pH 

was capable of inhibiting the channel. The level of inhibition of Piezo1 by these latter 

maneuvers was smaller than by capsaicin, correlating with the smaller TRPA1 or TRPV1 

currents (Borbiro et al., 2015). An earlier study showed that increase of cytoplasmic Ca2+ 

from 50 nM to 1 μM induced a small increase in Piezo2 current activity (Eijkelkamp et al., 

2013). Inactivation kinetics of Piezo1 was not significantly affected by the absence or 

presence of extracellular Ca2+ (Coste et al., 2010; Gottlieb et al., 2012). Overall, the effects 

of Ca2+ on Piezo channel activity may be complex, and probably only very large increases in 

cytoplasmic Ca2+ will inhibit their activity via phosphoinositide depletion.

It will require further studies whether Ca2+ influx via other pathways, such as voltage gated 

Ca2+ channels will modulate Piezo channel activity. It also has to be noted that the presence 

of excess PI(4,5)P2 or PI(4)P in the patch pipette, delayed, rather than eliminated Piezo1 
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current inhibition by TRPV1 activation, pointing to the potential involvement of other 

signaling pathways (Borbiro et al., 2015).

5. Conclusions

The recent identification of Piezo1 and Piezo2 channels induced a flurry of research activity 

to understand the physiological importance, structure, gating mechanism and regulation of 

these channels. On the topic of Piezo channel regulation by signaling pathways, an emerging 

picture shows that Piezo2 channels are potentiated by inflammatory signals, but the exact 

mechanism how channel activity increases is not yet clear. Data also show that the Piezo 

channels require phosphoinositides for activity, but whether the lipids act directly on the 

channel, or via an indirect mechanism, is not yet clear. Integrating regulation of Piezos by 

Ca2+, phosphoinositides, and by GPCR activation will also require further studies. Overall, 

in less than 6 years, at the time of writing of this chapter, the research community has 

accumulated an amazing amount of knowledge about Piezo channels. Nevertheless, this is a 

still a new field, full of open questions, and the following years are expected to bring new 

and exciting results.
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ABBREVIATIONS

cAMP Cyclic adenosine monophosphate

CNG cyclic nucleotide gated ion channels

DAG Diacylglycerol

DRG Dorsal Root Ganglion

EPAC exchange protein directly activated by cAMP

GPCR G-protein coupled receptor

IP3 Inositol 1,4,5 trisphosphate

MA Mechanically activated

PI(4,5)P2 Phosphatidylinositol 4,5-bisphosphate

PKA Protein Kinase A

PKC Protein Kinase C

PLC Phospholipase C

TRPV1 Transient Receptor Potential Vanilloid 1
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Figure 1. 
Summary of signaling pathways regulating Piezo channels. Activation of TRPV1 channels 

by capsaicin leads to a massive Ca2+ influx, which activated PLCδ isoforms. The 

concomitant robust decrease in PI(4,5)P2 and PI(4)P levels inhibits Piezo channel activity. 

Activation of Gq-coupled GPCR-s lead to activation of PLCβ isoforms, with only a modest 

decrease in PI(4,5)P2 levels, which is not enough to inhibit channel activity, and the 

downstream activation of PKC will stimulate Piezo2 activity. Activation Gs-coupled 

receptors potentiate Piezo2 channel activity, via the EPAC pathway. Activation of PKA may 

also contribute to potentiation of channel activity.
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