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SUMMARY

Neurons exhibit a limited ability of repair. Given that mechanical forces affect neuronal outgrowth, 

it is important to investigate whether mechanosensitive ion channels may regulate axon 

regeneration. Here, we show that DmPiezo, a Ca2+-permeable non-selective cation channel, 

functions as an intrinsic inhibitor for axon regeneration in Drosophila. DmPiezo activation during 

axon regeneration induces local Ca2+ transients at the growth cone, leading to activation of nitric 

oxide synthase and the downstream cGMP kinase Foraging or PKG to restrict axon re-growth. 

Loss of DmPiezo enhances axon regeneration of sensory neurons in the peripheral and CNS. 

Conditional knockout of its mammalian homolog Piezo1 in vivo accelerates regeneration, while its 

pharmacological activation in vitro modestly reduces regeneration, suggesting the role of Piezo in 

inhibiting regeneration may be evolutionarily conserved. These findings provide a precedent for 

the involvement of mechanosensitive channels in axon regeneration and add a potential target for 

modulating nervous system repair.

In Brief

Piezo is a mechanosensitive ion channel that transduces mechanical stimuli into cellular responses. 

Here, Song et al. show that Piezo is recruited after axon injury to inhibit axon regeneration via the 

CamKIINos-PKG pathway, a process that may be evolutionarily conserved.

INTRODUCTION

Neurons and other types of cells are exposed to mechanical forces generated intracellularly, 

for example, via molecular motors and microtubule dynamics, and/or through interactions 

with the extracellular environment (Franze et al., 2013; Jaalouk and Lammerding, 2009; 

Suter and Miller, 2011), including adhe sive tension between neurons and substrates during 

neuronal development, morphogenesis, and circuit formation (Franze et al., 2013; Jaalouk 

and Lammerding, 2009). Mechanical forces may affect neuronal outgrowth, for example, 

stretching a growth cone of a cultured chick or rat sensory ganglion neuron leads to 

extensive elongation of the axon (Bray, 1984; Lamoureux et al., 1989; Pfister et al., 2004; 

Suter and Miller, 2011). This stretch-induced axonal elongation also occurs in human 

sensory neurons, rat PC12 cells, and Aplysia neurons (Smith, 2009; Suter and Miller, 2011). 

The elongated axons maintain their thickness and propagate action potentials, suggesting 

that stretch activates protein synthesis and transport pathways (Pfister et al., 2006). However, 

little is known about the underlying molecular and cellular machinery.

In mechanosensory neurons, mechanical stimuli activate mechanosensitive (MS) ion 

channels that permeate cations (Nilius and Honoré, 2012) to transmit signals such as touch 

and sound, and to mediate processes such as blood pressure regulation (Chalfie, 2009). 

Eukaryotic mechanosensitive cation channels identified thus far include Piezo and NompC 

(Coste et al., 2012; Kim et al., 2012; Yan et al., 2013). In vitro studies suggest a role of 

mechanosensitive ion channels in neuronal outgrowth for cultured Xenopus spinal neurons 

(Jacques-Fricke et al., 2006) and rat PC12 cells (Gottlieb et al., 2010), as well as in 

mediating transient calcium influx, in part through TRPC1 at the growth cones to regulate 

neurite extension (Kerstein et al., 2013). It will be of interest to determine how endogenous 
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mechanosensitive ion channels may regulate neurite outgrowth, and whether they also 

regulate regeneration. In this study, we show that the mechanosensitive cation channel Piezo 

functions in Drosophila sensory and motor neurons, and possibly also in rodent sensory and 

central neurons to inhibit axon regeneration. We further delineate the Piezo-CamKII-Nos-

PKG signaling pathway, which underlies the response after neuronal injury for the 

regulation of axon regeneration in Drosophila. Moreover, we have developed a new mouse 

sensory neuron injury model—the corneal sensory nerve laser ablation model, which allows 

in vivo live imaging of sensory axon regeneration in mammals.

RESULTS

Piezo Inhibits Axon Regeneration

To study axon regeneration, we used the Drosophila dendritic arborization (da) sensory 

neuron injury model (Song et al., 2012, 2015). With a two-photon laser, we severed the axon 

of mechanosensitive class III da neurons (labeled with 19–12-Gal4 > CD4tdGFP, repo-
Gal80) in the peripheral nervous system (PNS) of 2nd-instar larvae at 48 hr after egg laying 

(hr AEL), confirmed the degeneration of the distal axon after one day (at 72 hr AEL) and 

assessed its regeneration after 2 more days (120 hr AEL) (Figure 1A). In contrast to wild-

type (WT) class III da neurons that failed to regenerate axons (Figure 1A, arrow), in a null 

mutant of Drosophila Piezo DmPiezoKO, new axons regrew from the retracted axon stem 

and extended along the original trajectory, way beyond the injury site (Figure 1A, 

arrowheads). The function of DmPiezo is cell autonomous because its RNAi knockdown in 

class III da neurons (19–12-Gal4 > DmPiezo RNAiv2796) recapitulated the enhancement of 

regeneration. Moreover, expression of DmPiezo in class III da neurons of DmPiezoKO 
mutants (DmPiezoKO; 19–12-Gal4>DmPiezo) suppressed the mutant phenotype (Figure 

1A). The regeneration phenotype was further quantified by assessing the “regeneration 

percentage” and “regeneration index” (Figures 1B–1D and S1A–S1C; STAR Methods), as 

described previously (Song et al., 2012). Unlike regeneration index, the regeneration length 

without normalization represents raw data that reflect scaling and axon regeneration in a 

larva that continues to grow during the course of the experiment. The regeneration 

parameters from various genotypes were compared to that of the WT if not noted otherwise, 

and only those with significant difference were labeled with the asterisks.

To ask whether the function of Piezo in inhibiting axon regeneration is evolutionarily 

conserved, we first expressed its mammalian homologs in class III da neurons of 

DmPiezoKO mutants. We also tested their role in mammalian axon regeneration (see 

below). Both mouse Piezo1 (mPiezo1) and human Piezo1 (hPiezo1) could substitute for 

DmPiezo and suppress the enhancement of regeneration phenotype of DmPiezoKO mutants 

(Figures 1B–1D, S1B, and S1C), suggesting that the ability of Piezo to inhibit axon 

regeneration may be evolutionarily conserved. To test the requirement of the channel 

activity, we expressed a mutant mPiezo1, which contains a Myc tag insertion in the last 

extracellular loop mPeizo1–2336-Myc, rendering the channel non-functional without 

affecting its expression or trafficking to the membrane (Chen et al., 2018; Coste et al., 2015), 

in class III da neurons of DmPiezoKO mutants. In contrast to mPiezo1, mPiezo1–2336-Myc 

failed to suppress the increased regeneration phenotype (Figures 1B–1D, S1B, and S1C), 
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indicating that the mechano-sensitive ion channel function of Piezo is essential for its role as 

a regeneration inhibitor.

To test whether overexpression of Piezo in neurons normally capable of regeneration will 

reduce their regenerative potential, we focused on class IV da neurons. Unlike class III da 

neurons, class IV da neurons are capable of regenerating its axon (Song et al., 2015). We 

labeled class IV da neuron with ppk-CD4tdGFP and used the following injury protocol: 

axotomy was induced at 72 hr AEL, degeneration was confirmed at 96 hr AEL and 

regeneration was assayed at 120 hr AEL (Song et al., 2015). Compared to WT class IV da 

neurons, which exhibited axon regeneration about 75% of the time, overexpression of WT 

DmPiezo in class IV da neurons did not alter regeneration (Figures 1E–1G). We next tested 

whether overexpression of a Piezo1 gain-of-function variant can alter regeneration. Various 

mutations in human Piezo1 that prolong channel opening by slowing inactivation cause 

dehydrated hereditary stomatocytosis (Albuisson et al., 2013; Andolfo et al., 2013; Bae et 

al., 2013). In our structure-function analysis of Piezo1, we discovered a triple mutant of 

mPiezo1 mPiezo1-TriM (E2133D + D2139E + D2144E), which when expressed in 

HEK293T cells resulted in a mechanically activated current that inactivated very slowly, 

both in the whole-cell patch configuration (14-fold relative to WT) and cell-attached 

configuration (3.6-fold relative to WT) (Figures S1D–S1F) (Coste et al., 2015). 

Quantitatively, the effect of these mutations on inactivation was more severe than any of the 

human Piezo1 mutants previously described (Albuisson et al., 2013; Bae et al., 2013). 

Strikingly, overexpression of the mPiezo1-TriM gain-of-function mutant in class IV da 

neurons reduced the regeneration percentage to 48% and decreased the length of the regrown 

axons (Figures 1E–1G). This observation further supports the hypothesis that the 

mechanosensitive ion channel function of Piezo is critical for its ability to inhibit axon 

regeneration.

To address whether removing Piezo is beneficial for axon regeneration in the CNS, we 

examined class IV da neuron axon regeneration within the ventral nerve cord (VNC) after 

CNS lesion, as previously described (Song et al., 2015). Compared to WT control, which 

showed limited regrowth, DmPiezoKO improved the regeneration percentage, with a 

moderate increase in “terminal branching” and “commissure regrowth” (Figures 2A–2C; 

STAR Methods). The enhancement of regeneration is unlikely to be due to developmental 

defects of axon outgrowth, because the patterning in the uncut VNC appears normal for 

class IV and class III da neuron axons, for all axons labeled by Fas II staining (Figures S2A–

S2C) and for class III da neuron axon terminals (Figure S2D).

DmPiezo inhibited axon regeneration of not only sensory neurons but also motor neurons. 

Loss of DmPiezo function in motor neurons also promoted motor axon regeneration after 

nerve crush, as evident from the increased elaboration of growth cones (Figures S2E and 

S2F; STAR Methods).

To test whether DmPiezo also affects dendrite regeneration, we examined dendrite 

regeneration in class III da neurons using two injury paradigms: lesioning a single dendrite 

(Song et al., 2012) versus removing all dendrites—balding (Stone et al., 2014). After single-

dendrite injury, both WT and DmPiezoKO showed limited regeneration, as indicated by the 
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regeneration percentage and the number of dendritic branches added (Figures 2E and 2F). 

On the other hand, after balding, both WT and DmPiezoKO showed substantial 

regeneration, but no further enhancement was seen after removing DmPiezo (Figures 2D, 

2E, and 2G). Therefore, Piezo exhibits a specific role in regulating axon but not dendrite 

regeneration.

We found expression of DmPiezo in both class III and class IV da neurons based on two 

experiments. First, the DmPiezo-Gal4>CD4tdTomato reporter is expressed in class III da 

neurons that are marked by NompC-QF>mCD8GFP (Figure S2G, arrowheads). DmPiezo-
Gal4>CD4tdTomato is also present in class IV da neurons (Figure S2G, arrow), as reported 

previously (Kim et al., 2012). Second, we generated a GFP-DmPiezo knockin fly by fusing 

GFP with the N terminus of the DmPiezo protein using the CRISPR technology to examine 

the endogenous DmPiezo expression pattern. Given that GFP-DmPiezo overexpression in 

class IV da neurons rescues the defects in sensing harsh touch in DmPiezoKO (Kim et al., 

2012), we expect that N-terminal GFP tagging of DmPiezo should not disrupt DmPiezo 

function. We found that without injury, GFP-DmPiezo is present diffusely in the class III da 

neuron cell body and axon, as labeled with NompC-QF>mtdTomato (Figure 1H). Notably, 

GFP-DmPiezo appears to be enriched in the growth cone tip 24 hr after axon injury (Figure 

1H), revealing that the spatiotemporal expression of Piezo is consistent with its role in 

inhibiting regeneration.

To test whether Piezo functions specifically during regeneration, we utilized an inducible 

system that offers temporal control of gene expression by regulating temperature—Gal80ts, a 

temperature-sensitive suppressor of Gal4 (McGuire et al., 2003). Under the permissive 

temperature, Gal80ts effectively shuts off Gal4 expression. When shifted to the restrictive 

temperature, Gal80ts is misfolded, leading to Gal4 expression. Accordingly, we raised the 

larvae at 25°C until injury and then shifted to 30°C to allow DmPiezo RNAi expression. 

Class III da neurons were labeled by NompC-QF>mCD8GFP and the RNAi was expressed 

by 19–12-Gal4, UAS-CD4tdGFP, repo-Gal80 under the suppression of the ubiquitous tub-
Gal80ts (Figure 3), thus enabling knockdown of DmPiezo specifically after injury or during 

regeneration. We first determined the induction efficiency of Gal4 upon the shift to 30°C, 

using GFP as the reporter (Figure S3A). While no GFP+ neurons were detectable at 12 hr 

after induction, we found GFP expression in about 35% of class III da neurons at 24 hr, and 

~70% of class III da neurons at 72 hr (Figure S3A, arrows). By inducing DmPiezo RNAi 
immediately after injury, we showed that the restricted removal of DmPiezo is sufficient to 

enhance class III da neuron axon regeneration (Figure 3), indicating that Piezo acts after 

injury to specifically affect regeneration.

Piezo Functions through Calcium Signaling to Inhibit Axon Regeneration

What might be the function of DmPiezo in class III da neurons? As shown previously (Yan 

et al., 2013), WT class III da neurons in abdominal segments of fillet preparations displayed 

increased firing of action potentials (APs) in response to progressively larger displacements 

of the larval body wall (Figure 4A, black solid circles), a response that largely depends on 

NompC (Yan et al., 2013) but not on DmPiezo (Figure 4A). As expected, no significant 

difference was detected in DmPiezoKO (Figure 4A, red circles). This response to 
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mechanical stimuli was largely abolished after injury of the axon (Figure 4A, black and red 

open circles), possibly due to injury-induced atrophy.

We found that axon lesion triggered an immediate burst of action potentials of comparable 

frequency and duration in both WT and DmPiezoKO (Figure 4B), suggesting that the action 

of Piezo in regeneration may not be at the level of neuronal excitability directly triggered by 

the axon injury per se. Alternatively, Piezo channels could be activated during axon 

regrowth, by the mechanical force derived from the interaction between the growth cone or 

filopodia and the surrounding environment. Given that Piezo is a cationic channel with Ca2+ 

permeability (Figure S3B), we went on to perform calcium imaging in class III da neuron 

axons and growth cones, to assess Piezo channel activity. Before injury (pre-injury), class III 

da neurons exhibited spontaneous calcium spikes in the proximal axon in both WT and 

DmPiezoKO (Figures 4E, S4A, and S4B; Videos S1 and S2). At 24 hr after injury (AI), a 

stage when axon degeneration is mostly complete but extensive regeneration has not taken 

place, both WT and DmPiezoKO showed similar spontaneous calcium transients in the 

growth cone. However, the amplitude was smaller than that of the pre-injury condition 

(Figures 4F, S4C, and S4D; Videos S3 and S4). Most importantly, at 48 and 72 hr AI, amid 

robust axon regeneration in DmPiezoKO, spontaneous calcium transients were readily 

detected in the growth cones and filopodia in WT, but the signal was much attenuated in 

DmPiezoKO (Figures 4C, 4D, 4G, and S4E; Videos S5 and S6). Interestingly, we were able 

to occasionally capture the filopodia dynamics and observed that calcium spikes preceded 

filopodia retraction (3 neurons and 4 filopodia out of 33 neurons imaged; Video S5, arrow). 

These data suggest that Piezo channels are likely activated when the reformed growth cone 

is actively exploring and interacting with the environment such as glial cells, and that the 

reduced calcium transients correlate with enhanced axon regeneration in Piezo knockout 

animals.

In order to dissect the Piezo-induced calcium signaling in regulating regeneration, we first 

focused on a critical regulator of the calcium signaling pathway—Ca2+/calmodulin-

dependent protein kinase II (CamKII). Inhibiting CamKII activity specifically in class III da 

neurons by overexpressing either the inhibitory peptide CamKII-I.Ala (Joiner and Griffith, 

1997) or CamKII RNAi (Ashraf et al., 2006) led to substantial axon regeneration, to a 

similar extent as seen in DmPiezoKO (Figures 5A–5D). Suppressing CamKII activity in the 

absence of DmPiezo did not trigger a stronger regenerative response, as compared to 

DmPiezoKO alone (Figures 5A–5D). Moreover, overexpression of the constitutively active 

CamKII.T287D (Park et al., 2002) in the DmPiezoKO background attenuated the enhanced 

regeneration phenotype, consistent with CamKII as a downstream effector of Piezo in 

inhibiting regeneration. We then went on to determine the genetic interaction between 

DmPiezo and Calmodulin, a calcium-binding messenger protein. While axon regeneration is 

slightly improved in the Camn339/+ heterozygotes for a Calmodulin-null allele, 

transheterozygotes of Camn339/+ and DmPiezoKO/+ significantly promote axon regeneration 

(Figures 5A and 5E–5G), confirming that DmPiezo and Calmodulin function in the same 

genetic pathway.

Besides genetic analyses, we further investigated the calcium signaling pathway, by 

analyzing the phosphorylation status of CamKII with the phospho-CaMKII (Thr305) 
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antibody. Ca2+/CaM binding activates CamKII and binding of two Ca2+/CaM molecules 

stimulates the phosphorylation of Thr286 (Thr287 in flies), leading to maximal activity. Once 

Ca2+/CaM dissociates, the enzyme remains active but at a lower level. The dissociation of 

Ca2+/CaM exposes Thr305 and Thr306 (Thr306 and Thr307 in flies), which rapidly become 

autophosphorylated. Therefore, Thr305 (Thr306 in flies) phosphorylation corresponds to a 

state that is reached after attaining peak activity but prior to reactivation (Griffith, 2004). We 

first verified the specificity of the antibody, as CamKII RNAi in class III da neurons 

specifically abolished the phosphor-CamKII (Thr305) staining in the cell body, dendrites, and 

axon (Figure 5I). We then analyzed the staining pattern before injury, 24 hr AI, and 48 hr AI. 

Prior to injury, phosphor-CamKII (Thr305) staining was present in the class III da neuron cell 

body and diffusely in the axon and dendrites, both in WT and DmPiezoKO (Figure 5H). At 

24 hr AI, a small fraction (14%) of the injured class III da neurons in WT or DmPiezoKO 
showed staining in the growth cone tip (Figure 5J). Notably, at 48 h AI, phosphor-CamKII 

(Thr305) staining was detected in the growth cone tip of 50% of the WT class III da neurons 

but not in DmPiezoKO class III da neurons (Figures 5H and 5J, arrow), suggesting that 

CamKII responds to axon injury and/or regeneration in a Piezo-dependent manner. These 

data further suggest that Piezo and CamKII and Cam function in the same pathway, and that 

Piezo activation induced AI is likely transduced through calcium signaling to downstream 

effectors.

NO Signaling Functions Downstream of Piezo in Inhibiting Axon Regeneration

To further probe the machinery downstream of Piezo, we focused on nitric oxide synthase 

(NOS), a central regulator of NO signaling, for two reasons. First, mPiezo1 activity drives 

endothelial cell migration via endothelial NOS during mammalian vasculature development 

(Li et al., 2014). Second, NOS activity is known to be Ca2+/Calmodulin dependent 

(Marletta, 1994; Nathan and Xie, 1994; Regulski and Tully, 1995). With two Nos-null 

alleles, NosΔ15 and Nos1, we found that both NosΔ15 (Figure 6) and transheterozygotes of 

NosΔ15/Nos1 (Figures S5A–S5D) resulted in enhanced axon regeneration, similar to that of 

DmPiezoKO, and expression of Nos specifically in class III da neurons was sufficient to 

rescue the phenotype of NosΔ15 (Figures S5A–S5D). Moreover, overexpression of Nos (two 

copies of UAS-Nos) in class IV da neurons significantly reduced their regeneration potential 

(Figures S5E–S5G), lending further support to the notion that Nos is an intrinsic inhibitor 

for axon regeneration.

To assess the genetic interaction between DmPiezo and Nos, we examined 

transheterozygotes and carried out epistasis analysis. While heterozygotes of DmPiezoKO/+ 

and NosΔ15/+ behaved similarly as the WT control, the transheterozygotes DmPiezoKO/+, 

NosΔ15/+ resembled DmPiezoKO and NosΔ15 (Figures 6A–6D), suggesting they function in 

the same pathway. Moreover, overexpression of Nos in class III da neurons in DmPiezoKO 
was sufficient to suppress the enhanced regeneration phenotype, consistent with the model 

that Nos lies downstream of Piezo in inhibiting axon regeneration.

In addition, similar to the effect of DmPiezoKO, loss of Nos function in NosΔ15 mutants 

enhanced class IV da neuron axon regeneration in the CNS (Figure S6A), with a modest 

increase in regeneration percentage and commissure regrowth (Figures S6B and S6C).

Song et al. Page 7

Neuron. Author manuscript; available in PMC 2019 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for or PKG Inhibits Axon Regeneration Downstream of Nos

Given the possibility that Nos lies downstream of Piezo, we wondered how Nos might relay 

the signal from Piezo activation to restrict axon regeneration. Recognizing the important role 

of the second messenger cGMP in NO signaling, we tested for the involvement of the 

cGMP-dependent kinase Foraging, dg2, or PKG in axon regeneration. The foraging (for) 
locus produces 11 transcripts encoding four protein isoforms (Davies, 2006), among which 

nine encode the three major FOR protein isoforms FOR-T1, T2, and T3 (Figure S7A) 

(Eddison et al., 2012). We found that class III da neuron axon regeneration was significantly 

boosted in a mutant allele of for fork047037 (Figures 7A–7D), an allele with a P-element 

inserted in the intron, disrupting mRNA splicing and reducing transcript expression of the 

for-T1 and T3 isoforms (Figures S7A and S7B). This phenotype was confirmed in 

transheterozygotes of fork047037 over a deficiency line forDfED243 that removes the first few 

exons of for-T1/T3, and the promoter region of for-T2 (Figures 7A–7D and S7A). The 

function of for is required cell autonomously as class III da neuron-specific knockdown of 

for with RNAi targeting all for isoforms (Figure S7A) was sufficient to phenocopy the 

regeneration enhancement (Figures 7A–7D). On the other hand, no obvious phenotype was 

detected in for11.247, which carries a P element insertion in the 5′ region of the for locus 

(Figures 7B–7D and S7A), suggesting likely compensations among for isoforms in 

regulating regeneration.

Next, we tested the effectiveness of various for isoforms in inhibiting axon regeneration 

when overexpressed in class IV da neurons. Although expressing a single copy of FOR-T1 

with two independent alleles: for-T1 and dg2-P1 or FOR-T2 with dg2-P2A failed to achieve 

significant inhibition, overexpressing two copies of FOR-T1 (for-T1X2) dramatically 

impeded axon regeneration (Figures 7E–7G). These data demonstrate that for functions as a 

brake for axon regeneration, and that its effect is dosage dependent.

Next, we went on to determine the genetic interaction between Nos and for. Whereas 

heterozygotes of NosΔ15/+ or fork047037/+ behaved similarly as WT control, 

transheterozygotes of NosΔ15/+ and forDfED243/+ displayed enhanced class III da neuron 

axon regeneration resembling that of NosΔ15 and DmPiezoKO (Figures 7A and 7H–7J), 

suggesting that they function in the same pathway. Moreover, overexpression of Nos in class 

III da neurons failed to mitigate the regeneration enhancement seen in fork047037, whereas 

FOR-T1 overexpression largely sup pressed the phenotype in NosΔ15 (Figures 7A and 7K–

7M), suggesting that for acts as a downstream effector for Piezo and Nos in inhibiting axon 

regeneration.

Piezo-Mediated Inhibition of Axon Regeneration in Mammals

The function of Piezo in mechanosensation is conserved from fly to mammals (Coste et al., 

2010; Kim et al., 2012). Having found that mPiezo1 and hPiezo1, like DmPiezo, suppressed 

the enhanced axon regeneration phenotype in DmPiezoKO, and that the mPiezo1-TriM 

mutant inhibited axon regeneration in flies, we hypothesize that Piezo1 may also function as 

a regeneration inhibitor in mammals. We tested this hypothesis using injury models in 

cultured neurons and in mice in vivo.
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First, we adopted an in vitro axotomy paradigm based on a microfluidic device (Zhou et al., 

2016). Briefly, we cultured rat hippocampal neurons in a microfluidic chamber where 

neuronal cell bodies and dendrites are restricted to the soma chamber, while axons grow into 

the axon terminal chamber through long (450 mm in length) microgrooves. The axons in the 

terminal chamber were removed by vacuum aspiration at 7 days in vitro (DIV7) and axon 

regrowth was assessed 24 hr AI (Figure S8A). To activate Piezo1, we applied the Piezo1 

agonist Yoda1 (30 mM) (Syeda et al., 2015) to the terminal chamber immediately after 

axotomy. We found that Piezo1 activation modestly reduces the axon regrowth capacity 

(Figure 8A). Regrown axon coverage areas (Figure S8B; STAR Methods) are modestly but 

significantly decreased in the Yoda1-treated neurons as compared to the DMSO vehicle 

control (Figure 8B). Thus, activating mammalian Piezo1 also attenuates axon regeneration 

AI.

To analyze axon regeneration in vivo in mice in real time, we developed a novel injury 

model based on laser axotomy of corneal sensory nerves. The cornea is highly innervated by 

sensory neurons that are derived from the ophthalmic division of the trigeminal nerve 

(Müller et al., 2003). Within the corneal stroma, nerve bundles separate into smaller 

processes that extend centripetally to form the subbasal nerve plexus (Müller et al., 1996; 

Schimmelpfennig, 1982). To label corneal sensory axons and generate sensory neuron-

specific Piezo1 conditional knockout (Piezo1 cKO), we bred mice with Advillin-CreER; 
Rosa-stop-tdTomato; Piezo1fl/fl alleles and induced Cre mediated recombination with 

tamoxifen (TAM) injection (Figure 8D; STAR Methods). To visualize and manipulate 

tdTomato-labeled corneal sensory nerves in live mice we took advantage of the accessibility 

of the eye and adapted a previously developed intravital imaging system based on 2-photon 

microscopy (Huang and Rompolas, 2017; Rompolas et al., 2012). Using a femtosecond 

pulsed laser, we ablated the larger nerve trunks located in the stroma before they branched 

into thinner fibers (Figure 8F). Serial optical sections of the entire cornea were collected 

immediately before (day 0) and at three time points after the ablation: day 2, day 4, and day 

7 post-ablation (Figure 8E). We validated the degeneration of the nerve fibers downstream of 

the ablation sites both in the stroma and in the subbasal nerve plexus by imaging at 24 and 

48 hr after ablation (Figure 8F). We did not observe gross anatomical defects in the 

patterning of corneal sensory nerves in the Piezo1 cKO prior to injury (Figure S8C). We 

found that in the control group (normal siblings), corneal sensory axons displayed signs of 

regeneration within 4 days post-ablation, while limited regrowth was achieved at day 7 post-

ablation, leaving large areas deprived of sensory innervation (Figures 8G and S8C). On the 

other hand, in Piezo1 cKO, acceleration of axon regeneration was observed at day 4 and day 

7 post-ablation. A larger area of the vacant space was reinnervated by the regenerating nerve 

fibers (Figures 8G and S8C). The regenerating axons were manually traced and the length of 

regrown axons was measured (Figure S8D; STAR Methods). Piezo1 cKO exhibited 

significantly higher regeneration capacity as reflected by the increase of the total length of 

regenerating nerve fibers (Figures 8H and S8E). These results suggest that Piezo1 may also 

function intrinsically in neurons to inhibit axon regeneration in mammals, a process that 

may be evolutionarily conserved.
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DISCUSSION

Whereas the effect of mechanical forces on axon outgrowth was initially observed two 

decades ago, whether endogenous mechanosensitive ion channels regulate axon regeneration 

and, if so, what might be the underlying molecular mechanisms were unknown. We found 

that the mechanosensitive cation channel Piezo transduces the injury response to the NO 

signaling pathway through CamKII, with the cGMP-dependent kinase PKG as a downstream 

effector of NO synthase in Drosophila (Figure 8C). All components identified in this 

signaling cascade are intrinsically inhibitory to axon regeneration, providing potential targets 

for designing regeneration therapy. Ion channels are highly druggable targets, owing in large 

part to their localization to the plasma membrane. Our finding that inhibiting the Piezo 

channel promotes axon regeneration in fly and possibly also in mouse provides impetus for 

considering Piezo channel blockers as a potential means for promoting neural recovery.

Piezo proteins are pore-forming subunits of ion channels that open in response to 

mechanical stimuli, allowing cations, including calcium, to flow into the cell (Coste et al., 

2010). Piezo orthologs are found in numerous eukaryotes (Wu et al., 2017). Most vertebrates 

have two isoforms, Piezo1 and Piezo2, whereas there is a single Drosophila ortholog (Coste 

et al., 2012; Kim et al., 2012). Piezo1 senses shear stress and mediates stretch-activated 

currents in flow-sensitive cells, such as red blood cells and vascular endothelial cells 

(Faucherre et al., 2014; Li et al., 2014; Ranade et al., 2014a). Piezo1 also senses the local 

cellular environment in neurons and other cells, thereby promoting downstream changes in 

cell-cell interactions, lineage choice, and motility (Blumenthal et al., 2014; Hung et al., 

2016; Pathak et al., 2014). Piezo2 is primarily associated with sensory-specific roles, 

responding to light mechanical touch and mediating proprioception (Maksimovic et al., 

2014; Ranade et al., 2014b; Woo et al., 2014, 2015). Intriguingly, while it was reported that 

morpholino knockdown of Piezo1 in Xenopus results in aberrant axonal growth and 

pathfinding errors (Koser et al., 2016), Drosophila DmPiezo knockout and mouse sensory 

neuron-specific conditional knockout display no obvious defects during developmental axon 

patterning or guidance but specifically exhibit enhanced axon regeneration AI. This may be 

attributed to the species difference or the different neuronal cell types analyzed. It is also 

possible that other mechanosensitive ion channels may compensate for the loss of DmPiezo 

in flies or Piezo1 in mouse. It will be of interest to examine the axon growth and 

regeneration phenotypes in mammals with both Piezo1 and Piezo2 removed from neurons. 

Importantly, Piezo1 is expressed at very low levels in sensory neurons in mice (Ranade et 

al., 2014b), consistent with our observation of the lack of gross developmental defects in 

sensory axons. In light of the axon regeneration phenotype we observed, these results 

suggest that, whereas normally Piezo1 may be expressed at very low basal level in sensory 

or hippocampal neurons, it may be locally redistributed or upregulated AI. Our results 

showing the enhanced axon regeneration in mammalian injury models present the first step 

toward understanding the potentially conserved role of Piezo in inhibiting 

neuroregeneration. Future studies are warranted to further substantiate and extend our 

observations, and to determine how this process is regulated, such as Piezo expression, 

distribution, and dynamics in response to injury.
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In humans, mutations of PIEZO1 or PIEZO2 have been linked to several hereditary diseases, 

including dehydrated hereditary stomatocytosis (Albuisson et al., 2013; Andolfo et al., 2013; 

Bae et al., 2013; Beneteau et al., 2014; Shmukler et al., 2014; Zarychanski et al., 2012), 

distal arthrogryposis type 5 (Coste et al., 2013), Gordon syndrome and Marden-Walker 

syndrome (McMillin et al., 2014), displaying symptoms such as stiffness, impaired mobility 

of joints, and mental retardation. It will be intriguing to determine whether some of these 

symptoms may be attributed to neural circuit malformation, as a result of defective Piezo 

regulation on axon growth and/or maintenance and/or regeneration. Moreover, it is 

interesting to find that the TriM mutant of mPiezo1, but not the WT DmPiezo, is capable of 

reducing axon regeneration when overexpressed in class IV da neurons. We hypothesize that 

because mPiezo1-TriM shows over-activation of the channel, the same amount of force may 

elicit longer-lasting channel opening and calcium entry to amplify the downstream signaling, 

leading to inhibition of regeneration.

How might Piezo be activated upon neural injury? The sudden change of membrane tension 

after axon breakage may be sufficient to activate the channel. It is also conceivable that the 

extensive interaction among the damaged and/or regrowing axon, glial cells, and the 

extracellular matrix may contribute to channel activation. We found that the axon injury 

induced action potential firing is not altered, but there is a significant reduction of calcium 

transients, specifically in the growth cone, during active regeneration in the DmPiezo 
knockout. This favors the hypothesis that Piezo channels may be activated, re-localized, or 

upregulated during axon regeneration, as a result of the interaction between the growth cone 

and the local environment. We propose that the Piezo-dependent response to mechanical 

forces experienced by the growth cones leads to calcium influx that shuts down the 

regeneration program. This is reminiscent of a previous observation that suggests that Ca2+ 

influx through mechanosensitive ion channels at distinct microdomains in the growth cones 

inhibits axon outgrowth (Jacques-Fricke et al., 2006). Future studies to monitor the 

mechanical forces during injury and regeneration, using mechanosensitive reporters or 

atomic force microscopy (AFM), are warranted to test this hypothesis. Moreover, our finding 

is consistent with previous reports that calcium influx through voltage-gated calcium 

channels suppresses axon regeneration in the mammalian CNS (Enes et al., 2010; Tedeschi 

et al., 2016). Collectively, these studies suggest that the spatial and temporal arrangement of 

calcium signaling, especially acting through the CamKII- and Cam-dependent downstream 

effectors, may be instrumental for setting up the balance among axon degeneration, 

regeneration, and terminal differentiation.

In mammals, consideration of the role of NOS in neural injury and repair is confounded by 

the diverging functions of three NOS isoforms. Whereas the inducible NOS (iNOS) and the 

neuronal NOS (nNOS) contribute to Wallerian degeneration and thus promote axonal 

regrowth, the endothelial NOS (eNOS) interferes with and inhibits axon regrowth (Moreno-

López, 2010). In Drosophila, there is only one Nos and our study supports its function as an 

inhibitor for axon regeneration in vivo. This is consistent with the recent report proposing 

NO as a switch during developmental remodeling of the Drosophila mushroom body axons: 

high level of NO promotes axon pruning while its reduction allows axon regrowth 

(Rabinovich et al., 2016).
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Comprehensive studies to compare and contrast the machinery underlying axon and dendrite 

regeneration have only begun. Our previous work demonstrated a conserved growth program

—the PTEN-Akt pathway, that regulates both dendrite and axon regeneration (Song et al., 

2012). However, dendrite regeneration does not require the dual leucine kinase (DLK) 

injury-sensing pathway required for axon regeneration (Stone et al., 2014). Moreover, Piezo 

is differentially required in axons versus dendrites during neural repair, functioning as a 

specific inhibitor for axon regeneration. Thus, perhaps specific combinations of factors are 

required to fine-tune the microenvironment where neural injury takes place, and to 

effectively instruct axon or dendrite to mount an injury response and repair.

STAR★METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Yuh Nung Jan (yuhnung.jan@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila—19–12-Gal4 (Xiang et al., 2010), reop-Gal80 (Awasaki et al., 2008), 

DmPiezoKO, UAS-DmPiezoRNAiv2796, DmPiezo-Gal4 (Kim et al., 2012), ppk-CD4-
tdGFP (Han et al., 2011), ppk-Gal4 (Han et al., 2011), NompC-QF (Petersen and Stowers, 

2011), QUAS-mCD8GFP (Potter et al., 2010), QUAS-mtdTomato (Potter et al., 2010), 

UAS-CD4TdTomato (Han et al., 2011), UAS-CamKII-I.Ala (Joiner and Griffith, 1997), 

UAS-CamKII RNAi (Ashraf et al., 2006), UAS-CamKII.T287D (Jin et al., 1998), NosΔ15 

(Yakubovich et al., 2010), Nos1, UAS-Nos (Lacin et al., 2014), fork04703 (Spradling et al., 

1999), for11.247 (Eddison et al., 2012), UAS-for-T1 (Belay et al., 2007), UAS-dg2-P1, UAS-
dg2-P2A (MacPherson et al., 2004), hsFLP;;UAS > CD2 > mCD8-GFP (Grueber et al., 

2007), m12-Gal4 (P(Gal4)tey5053A) (Ritzenthaler et al., 2000), GCaMP6s (Chen et al., 

2013), Camn339 (Heiman et al., 1996), NompC-LexA (Shearin et al., 2013) and tub-Gal80ts 

(McGuire et al., 2003) have been previously described. UAS-Dcr-2, forDfED243, and UAS-
forRNAiBL35158 were from Bloomington stock center. LexAop-myr-GCaMP6(s) is a gift 

from the Freeman lab. To generate the UAS-mPiezo1, UAS-hPiezo1, UAS-mPiezo1–2336-
Myc and UAS-mPiezo1-TriM stocks, the entire coding sequences were cloned into the 

PACU2 vector, and the constructs were then injected (Rainbow Transgenic Flies, Inc). 

Randomly selected male and female larvae were used. Analyses were not performed blind to 

the conditions of the experiments.

Mice—Advillin-CreER (Lau et al., 2011) mice were generously provided by S. Millar 

(University of Pennsylvania). Piezo1fl/fl (Cahalan et al., 2015) and Rosa-stop-tdTomato 
(Madisen et al., 2010) mice were obtained from Jackson Laboratories. All studies and 

procedures involving animal subjects were performed under the approval of the Institutional 

Animal Care and Use Committee (IACUC) at the University of Pennsylvania and Children’s 

Hospital of Philadelphia. Four-week-old Avil-CreER/Rosa-stop-tdTomato/Piezo1fl/+ and 

Avil-CreER/Rosa-stop-tdTomato/Piezo1fl/fl mice were administered 2 mg of tamoxifen daily 

by intraperitoneal injection for 5 consecutive days. 2-photon laser ablation was performed 

approximately 2 weeks after the last tamoxifen injection. Genomic DNA from the dorsal 
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root ganglia was extracted at the end of an experiment and then analyzed by PCR to confirm 

deletion. Age-matched mice with the same sex were randomly assigned to experimental 

groups. Analyses were not performed blind to the conditions of the experiments. All mice 

were housed in an animal facility and maintained in a temperature-controlled and light-

controlled environment with an alternating 12-hour light/dark cycle. Up to 5 mice of the 

same sex and similar age were housed in a cage. The animals had no prior history of drug 

administration, surgery or behavioral testing.

Sensory axon lesion in Drosophila—Da neuron axon or dendrite lesion and imaging 

in the PNS or within the VNC were performed in live fly larvae as previously described 

(Song et al., 2012, 2015; Stone et al., 2014).

Drosophila motor nerve crush assay and quantification—As described previously 

(Xiong et al., 2010), the segmental nerves of 3rd instar larvae were pinched tightly through 

the cuticle for 5 s with Dumostar # 5 forceps, when the larvae were under CO2 anesthesia. 

Larvae were then transferred to a grape plate and kept alive for varying periods of time at 

25°C. For quantification of motor axon regeneration, the total volume of the growth cone at 

2 and 14.5 hours after crush was measured.

METHOD DETAILS

Generation of clones for single axon analysis in flies—FLP-out clones were 

produced as previously described (Grueber et al., 2007).

Immunohistochemistry—Third instar larvae or cultured neurons were fixed according to 

standard protocols. The following antibodies were used: mouse anti-FasII 1D4 antiserum 

(1:2, Developmental Studies Hybridoma Bank), rabbit anti-Gap43 (1:1000, Novus 

Biologicals), mouse anti-MAP2 (1:1000, Sigma) rabbit anti-phospho-CaMKII alpha/beta/

delta (Thr305) (1:50, Thermo Fisher Scientific), and fluorescence-conjugated secondary 

antibodies (1:1000, Jackson ImmunoResearch).

Generation of mutant construct—The triple mutant mPiezo1-TriM (E2133D + 

D2139E + D2144E) was generated using the QuickChange II XL site-directed mutagenesis 

kit according to the manufacturer’s instructions, and confirmed by full-length DNA 

sequencing. The mutant was cloned into pcDNA3.1 (−) vector, which was modified to 

include an IRES-EGFP element.

Electrophysiological recordings and mechanical stimulation—As previously 

described (Yan et al., 2013), fillet preparations were made by dissecting 3rd instar larvae in 

haemolymph-like saline containing (in mM): 103 NaCl, 3 KCl, 5 TES, 10 trehalose, 10 

glucose, 7 sucrose, 26 NaHCO3, 1 NaH2PO4 and 4 MgCl2, adjusted to pH 7.25 and 310 

mOsm. 2 mM Ca2+ was added to the saline before use. Muscles covering the neurons were 

gently removed with forceps and to expose the da neurons. Action potentials were recorded 

extracellularly with a sample rate of 10 kHz and low-pass filtered at 2 kHz. A glass probe 

was driven by a piezo actuator mounted on a micromanipulator to give mechanical 

stimulation.
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For whole-cell patch-clamp recordings, recording electrodes had a resistance of 2–3 MΩ 
when filled with internal solution composed of (in mM) 133 CsCl, 1 CaCl2, 1 MgCl2, 5 

EGTA, 10 HEPES (pH 7.3 with CsOH), 4 MgATP and 0.4 Na2GTP. The extracellular 

solution was composed of (in mM) 133 NaCl, 3 KCl, 2.5 CaCl2, 1 MgCl2, 10 HEPES (pH 

7.3 with NaOH) and 10 glucose. For cell-attached patch-clamp recordings, external solution 

used to zero the membrane potential consisted of (in mM) 140 KCl, 1 MgCl2, 10 glucose 

and 10 HEPES (pH 7.3 with KOH). Recording pipettes were of 2–3 MΩ resistance when 

filled with standard solution composed of (in mM) 130 mM NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 

10 TEA-Cl and 10 HEPES (pH 7.3 with NaOH). Patch-clamp experiments were performed 

in standard whole-cell or cell-attached mode using Axopatch 200B amplifier (Axon 

Instruments). Currents were sampled at 20 kHz and filtered at 2 kHz. Leak currents before 

mechanical stimulations were subtracted offline from the current traces. For whole-cell 

recordings, mechanical stimulation was achieved using a fire-polished glass pipette (tip 

diameter 3–4 mm) positioned at an angle of 80° relative to the cell being recorded. 

Downward displacement of the probe toward the cell was driven by Clampex-controlled 

piezoelectric crystal microstage (E625 LVPZT Controller/Amplifier; Physik Instrumente). 

The probe had a velocity of 1 μm ms−1 during the ramp phase of the command for forward 

movement and the stimulus was applied for 150 ms. In the cell-attached patch clamp 

configuration, stretch activated currents were recorded by stimulating membrane patches 

with 500ms negative pressure pulses through the recording electrode using Clampex-

controlled pressure clamp HSPC-1 device (ALA-scientific).

Quantitative analyses of sensory axon regeneration in flies—Quantification was 

performed as previously described (Song et al., 2012; Song et al., 2015). Briefly, for axon 

regeneration in the PNS, we used “Regeneration percentage,” which depicts the percent of 

regenerating axons among all the axons that were lesioned; “Regeneration length,” which 

measures the increase of axon length; “Regeneration index,” which is calculated as an 

increase of “axon length”/”distance between the cell body and the axon converging point 

(DCAC)” (Figure S1A). An axon is defined as regenerating only when it obviously 

regenerated beyond the retracted axon stem, and this was independently assessed of the 

other two parameters. “Regeneration index” is a better quantitative measurement of the 

extent of axon regeneration than “Regeneration length,” as it is normalized to the scaling of 

the larvae, which continue to grow in size during the course of the experiment. We still 

included the “Regeneration length” as a reference. For axon regeneration in the VNC, we 

used “Regeneration percentage,” which depicts the percent of regenerating commissure 

segments among all the segments that were severed; “Terminal branching,” which counts the 

number of axons that regenerated, reached the commissure bundle and appeared to form 

elaborate branches; “Commissure regrowth,” which counts the number of axons that had 

regenerated to connect the boundaries of commissure segments, longitudinally or laterally. 

The regeneration parameters from various genotypes were compared to that of the WT if not 

noted otherwise, and only those with significant difference were labeled with the asterisks.

Live imaging in flies—Live imaging was performed as described (Emoto et al., 2006; 

Parrish et al., 2007). Embryos were collected for 2 hours on yeasted grape juice agar plates 

and were aged at 25°C or room temperature. At the appropriate time, a single lava was 
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mounted in 90% glycerol under coverslips sealed with grease, imaged using a Leica SP5 or 

Zeiss LSM 880 microscope, and returned to grape juice agar plates between imaging 

sessions.

GCaMP imaging and analysis in flies—Calcium imaging was performed using the 

membrane targeting myr-GCaMP6(s) in 3rd instar larvae in vivo. Larvae were immobilized 

with ether anesthesia. Each axotomized class III da neuron was imaged by a Z stack with 0.2 

Hz frame frequency for 500 s (5 s duration per frame for 100 frames). The GCaMP 

fluorescence signal in each frame was subtracted and divided by the average fluorescence 

intensity of ROI in the 100 frames for each neuron, to normalize the baseline to 0. The fast 

Fourier transform (FFT) algorithm in MATLAB was then applied to decompose the 

fluorescence function of time into frequency components. The frequency domain 

representation of the original signal is shown by magnitude spectrum. The y axis indicates 

the relative amplitude of fluorescence vibration after FFT at the specific frequency of the x 

axis.

Quantitative RT-PCR—Semiquantitative RT-PCR was done for for and a-tubulin 
according to the manufacturer’s protocols. The sequences were as follows: three regions of 

the for transcripts were amplified with primers for F1 5′-gtcgggtcagaatttccaga-3′, for F2 5′-

cagaggattcccaggatcaa-3′, for F3 5′-ggaaaagtgcgagtgacgat-3′ and for R 5′-

agtttggaccagctctacgc-3′. a-tubulin was amplified with 5′-acaacgaggctatctacgaca-3′ and 5′-

ttttcagtgttgcagtgaattt-3′.

Microfluidic neuron culture and axotomy—For axotomy and staining, house-made 

microfluidic devices were used.

Chip design and master production: The microfluidic device was made up of two elements: 

macro-chambers (length 7000 um, width 1200 um, height 250 um) for cell or fluid injection, 

separated by narrowing arrays micro-channels (length 450 um, width 10 um, height 3 um) 

allowing directional axonal outgrowth. To produce the template with elements of two 

different thicknesses, two layers of photoresist (SU8 5 and SU8 2150) were used. First layer 

of SU8 5 (Microchem, USA) was spin-coated onto the wafer at 500 rpm for 5 s and 3000 

rpm for 60 s. It was soft baked at 65°C for 2 min and 96°C for 5 min. The template was then 

exposed to UV light through a house-made high-resolution transparency chrome mask for 30 

s at 365 nm and 275 W. The wafer was hard baked at 65°C for 1 min and 95°C for 2 min. 

After the hard bake, the channels (3 um high) were developed in SU8 developer for 2 min 

and rinsed with isopropyl alcohol and dried with pressurized nitrogen gas. The injection 

channels were then produced by laminating the newly obtained wafer with a 250 mm thick 

of SU8 2150. The second layer of SU8 2150 (Microchem,USA) was spin-coated onto the 

wafer at 500 rpm for 10 s and 2250 rpm for 60 s. It was soft baked at 65°C for 7 min and 

95°C for 60 min. The template was then exposed to UV light for 120 s at 365 nm and 275 

W. The wafer was hard baked at 65°C for 5 min and 95°C for 20 min. After the hard bake, 

the channels (250 um high) were developed in SU8 developer overnight and rinsed with 

isopropyl alcohol and dried with pressurized nitrogen gas.
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Microfluidic chip production: Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, 

USA) was mixed thoroughly with a curing agent (9:1 ratio). The resulting preparation was 

poured onto the master and degassed in a vacuum desiccator for 3 h. The polyester resin 

replicate was cured at 80°C for 6 h. The elastomeric polymer print was detached and 

reservoirs were punched for each macro-channel.

Microfluidics culture platform fabrication: The PDMS pieces were sterilized with 70% 

ethanol and exposed to UV (254 nm) for 10 min. All following work performed with 

microfluidics devices was done aseptically in a biosafety cabinet. Once dried, the PDMS 

pieces were gently pressed on the cover glass (Fisher Scientific Premium Cover Glass sized: 

24×60–1 mm) until a complete seal formed and no bubbles remained between the PDMS 

molds and glass surface. The cover glass had been previously coated in 0.1 mg/ml poly-D-

lysine for 48 h, washed 5 times in sterile double distilled water, and thoroughly dried via 

aspiration.

Neuronal culture for microfluidic device and treatments: hippocampal neurons were 

dissociated from embryonic rat (E18) by the Neurons R Us Culture Service Center at the 

University of Pennsylvania. Approximately 1×105 cells were seeded on the soma side of the 

chamber. A total of 600 ml standard neuron medium was added to the wells of the soma side 

to establish a 100 μl volume difference between somal and axonal compartments and to 

maintain fluidically isolated microenvironment on the axonal side. Fresh complete medium 

was added to each PDMS pieces every three days. On DIV7, axotomy was achieved by rapid 

aspiration and quick washes with double distilled water and standard neuron media on the 

axon side. 30 mM of Yoda1 or DMSO vehicle control was added to the axonal chamber for 

24 h and a volume difference of 100 μl between the two compartments was again 

maintained. Axon regeneration was assessed after fixation and by immunocytochemistry.

For quantitative analysis of axon growth before and after axotomy, axons in the terminal 

chamber labeled by Gap43 staining were imaged using a Leica TCS SP8 laser scanning 

microscope with a 40 × objective. Axon coverage area was calculated by connecting the tips 

of the distal axons. Axon coverage area was normalized to the Normalization length to 

obtain the Normalized regeneration (Figure S8B). Images were collected from multiple 

chambers in at least 6 experiments.

In vivo imaging in mice—For intravital imaging of the mouse corneal nerves a 

customized stage was used to immobilize the head of anesthetized mice and expose the eye 

globe, including the entire cornea. Mice were anaesthetized with intraperitoneal injection of 

ketamine and xylazine (15 mg ml−1 and 1 mg ml−1, respectively in PBS). Mice were then 

placed under the microscope onto a heating pad and kept anesthetized with a continuous 

delivery of isoflurane through a nose cone (1% in air). Image acquisition of the live cornea 

was performed with an Olympus FV1200MPE microscope, equipped with a Chameleon 

Vision II Ti:Sapphire laser. A laser beam was focused through a 10X or 20X objective lens 

(Olympus UPLSAPO10X2, N.A. 0.40; UPLSAPO20X, N.A. 0.75) and used to scan a 1mm2 

or 0.5 mm2 field of view, respectively. Serial optical sections were acquired in 3–4 mm 

steps, starting from the surface of the eye and capturing the entire thickness of the cornea 
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(epithelium ~40 μm, stroma ~80 μm). For each time point, inherent landmarks within the 

cornea were used to consistently navigate back to the original regions.

Laser ablation of corneal sensory nerves and quantification of corneal 
sensory nerve regeneration—In vivo laser axotomy was performed using the same 2-

photon laser used for imaging. The laser beam was focused on the deeper layers of the 

corneal stroma where the larger nerve trunks are located before they branch into thinner 

fibers that form the subbasal nerve plexus. The laser was guided to scan a small (10×10 μm) 

area at specific branch points of the corneal nerves within the stroma, using the following 

settings: 850 nm wavelength, 100% laser power, 1 s exposure. Immediately after ablation, 

the microscope was switched to imaging mode and a series of serial optical sections were 

collected to visualize and validate that the laser ablation was effective. Serial optical sections 

of the entire cornea were collected immediately before and 24 h after laser ablation of the 

corneal nerves to validate the degeneration of nerve fibers downstream of the sites of 

ablation.

To quantify sensory nerve regeneration, a region of interest (ROI) was defined by outlining 

the border between the nerve endings and the vacant space. All the axons within the ROI 

were manually traced and measured, and the total axon length was calculated for D2, 4 and 

7 post-ablation. The regrown axon length was calculated as the increase between D4 and D2 

(Δ2 Days), or between D7 and D2 (Δ5 Days). This value was normalized to Normalization 

length A (the length of the curvature in-between the two nerve ending boarders with a radius 

of 556.5 μm) or Normalization length B (the length of the interface between the nerve 

endings and the vacant space), to obtain Normalization regeneration A or B, respectively 

(Figure S8D).

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to pre-determine sample sizes but our sample sizes are 

similar to those reported in previous publications (Song et al., 2012; Song et al., 2015), and 

the statistical analyses were done afterward without interim data analysis. Data distribution 

was assumed to be normal but this was not formally tested. All data were collected and 

processed randomly. Each experiment was successfully reproduced at least three times and 

was performed on different days. The values of “N” (sample size) are provided in the figure 

legends. Data are expressed as mean ± SEM in bar graphs. No data points were excluded. 

Two-tailed unpaired Student’s t test was performed for comparison between two groups of 

samples. One-way ANOVA followed by multiple comparison test was performed for 

comparisons among three or more groups of samples. Two-way ANOVA followed by 

multiple comparison test was performed for comparisons between two or more curves. 

Fisher’s exact test was used to compare the percentage. Statistical significance was assigned, 

*p < 0.05, **p < 0.01, ***p < 0.001.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Piezo cell autonomously inhibits axon regeneration in Drosophila sensory 

neurons

• Piezo channels are activated after axon injury or during axon regeneration

• Piezo inhibits axon regeneration through calcium signaling, Nos, and PKG

• Piezo1 also inhibits axon regeneration in mammals in vitro and in vivo
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Figure 1. DmPiezo Inhibits Axon Regeneration in da Sensory Neurons
(A) Class III da neuron axons fail to regenerate in WT. DmPiezo removal as in DmPiezoKO 
and class III da neuron-specific RNAi leads to increased axon regeneration. Class III da 

neuron-specific expression of DmPiezo suppressed the enhanced regeneration in 

DmPiezoKO. The injury site is demarcated by the dashed circle. Arrow marks axon stalling, 

while arrowheads show the regrowing axon tips.

(B–D) Quantification of class III da neuron axon regeneration with regeneration percentage 

(B), regeneration index (C), and regeneration length (D). Class III da neuron expression of 

DmPiezo, mPiezo1, or hPiezo1, but not mPiezo1–2336-Myc rescues the regeneration 

phenotype in DmPiezoKO. n = 22–49 neurons from 6 to 16 larvae.
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(E–G) Quantification of class IV da neuron axon regeneration with regeneration percentage 

(E), regeneration index (F), and regeneration length (G). Over-expression of the over-

activating mPiezo1-TriM reduces class IV da neuron axon regeneration. n = 15–29 neurons 

from 4 to 7 larvae.

(H) GFP-DmPiezo is present diffusely in the cell body and axon of uninjured class III da 

neurons. 24 hr AI, GFP-DmPiezo is enriched in the tip of the growth cone (dashed circle).

Data are expressed as mean ± SEM in bar graphs in all figures. *p < 0.05, **p < 0.01, ***p 

< 0.001 by Fisher’s exact test (B and E), one-way ANOVA followed by Holm-Sidak’s test 

(C) or Dunnett’s test (D, F, and G). Scale bar, 20 μm.

See also Figure S1.
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Figure 2. Removal of DmPiezo Enhances Axon Regeneration in the CNS but Does Not Improve 
Dendrite Regeneration
(A) DmPiezo removal increases class IV da neuron axon regrowth in the VNC. The injury 

site is demarcated by the dashed circle. The regenerating axons are illustrated in schematic 

diagrams with terminal branching marked in red, commissure regrowth in blue, and other 

regrowing axons in black.

(B) Compared to WT, which shows limited regrowth, the regeneration percentage is 

increased in DmPiezoKO. n = 29–52 injured segments from 13 to 32 larvae.

(C) DmPiezoKO increases terminal branching and commissure regrowth of class IV da 

neurons after injury in the VNC. n = 13–32 larvae.

Song et al. Page 26

Neuron. Author manuscript; available in PMC 2019 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) Both WT and DmPiezoKO regrow dendrites after balding. The new dendrites are traced 

and marked in pink. The soma of the balded neuron is marked by arrows.

(E) Regeneration percentage is similar between WT and DmPiezoKO.

(F and G) There is no difference in the increase of dendritic branches between WT and 

DmPiezoKO, after single dendrite lesion (F) or balding (G). n = 11–18 neurons from 4 to 8 

larvae for single-dendrite injury, and 3–6 neurons from 2 to 5 larvae for balding.

*p < 0.05 by Fisher’s exact test (B and E) and two-tailed unpaired Student’s t test (C, F, and 

G). Scale bar, 20 μm.

See also Figure S2.
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Figure 3. Knocking Down DmPiezo Specifically after Injury Is Sufficient to Promote Axon 
Regeneration
(A) DmPiezo is knocked down in class III da neurons with DmPiezo RNAi using the 

temperature-sensitive Gal80ts, which is expressed in all cells by the tubulin (tub) promoter. 

Larvae were raised at the permissive temperature at 25°C until injury and then kept at the 

restrictive temperature at 30°C to allow DmPiezo RNAi expression. Knockdown DmPiezo 

specifically after injury is sufficient to promote axon regeneration. The injury site is 

demarcated by the dashed circle. Arrow marks axon stalling while arrowheads show the 

regrowing axon tips.

(B–D) Quantification of class III da neuron axon regeneration with regeneration percentage 

(B), regeneration index (C), and regeneration length (D).

(E) The genotypes of the animals and the temperature shift paradigm. n = 26–32 neurons 

from 4 to 6 larvae.

*p < 0.05, **p < 0.01 by Fisher’s exact test (B) and two-tailed unpaired Student’s t test (C 

and D). Scale bar, 20 μm.

See also Figure S3.
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Figure 4. DmPiezo Regulates Calcium Transients during Axon Regeneration
(A) DmPiezoKO does not change the action potential (AP) firing of class III da neurons 

induced by displacements of the larval body wall. This mechanical response is largely 

abolished one day after injury (D1 AI) in both WT and DmPiezoKO. n = 5–10 neurons from 

3 to 5 larvae.

(B) Axon injury triggers action potential firing in class III da neurons, and the firing 

frequency is comparable between WT and DmPiezoKO. n = 5–6 neurons from 4 to 5 larvae.

(C and D) At 48 hr AI, spontaneous calcium transients are present in the growth cones of 

WT larvae, but they are significantly reduced in DmPiezoKO. Calcium imaging was 

performed using membrane targeting myr-GCaMP6(s) in 3rd-instar larvae in vivo. For both 

WT (C) and DmPiezoKO (D), the neuronal cell body and the injured axon are shown on the 

left. The growth cone region (pink square) is zoomed in and six frames from the time-lapse 
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are shown. The red circle indicates the injury site and the blue line marks the region of 

interest (ROI) used for measuring fluorescence intensity. The raw calcium trace is shown 

with the six time points corresponding with the frames presented above.

(E–G) The amplitude of calcium transients in the growth cone is reduced in DmPiezoKO at 

48 hr AI. The GCaMP fluorescence signal in each frame was subtracted and divided by the 

average fluorescence intensity of ROI in the 100 frames for each neuron, to normalize the 

baseline to 0. The fast Fourier transform (FFT) algorithm in MATLAB was then applied to 

decompose the fluorescence function of time into frequency components. The frequency 

domain representation of the original signal is shown by magnitude spectrum. The y axis 

indicates the relative amplitude of fluorescence vibration after FFT at specific frequency of 

the x axis. A statistical difference was observed only at 48 hr AI (G), but not pre-injury (E) 

or 24 hr AI (F). In particular, at 48 h AI, WT shows significantly higher amplitude at some 

low-frequency groups (0.002, 0.01, 0.014, 0.02 Hz) than those of DmPiezoKO. n = 17, 19, 

17 neurons from 9, 10, 9 larvae for WT, and 22, 22, 16 neurons from 11, 11, 8 larvae for 

DmPiezoKO at pre-injury, 24 and 48 hr AI, respectively.

*p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA followed by Sidak’s multiple 

comparisons test. Scale bar, 20 μm.

See also Figure S4.
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Figure 5. DmPiezo Functions through Calcium Signaling to Inhibit Axon Regeneration
(A) Inhibiting CamKII function with class III da neuron-specific expression of CamKII-

I.Ala or CamKII RNAi promotes axon regeneration. CamKII-I.Ala over-expression in the 

DmPiezoKO background does not further enhance axon regeneration. Overexpression of the 

constitutively active CamKII-CamKII.T287D in DmPiezoKO attenuates the enhanced 

regeneration phenotype. While axon regeneration is slightly improved in Camn339/+ (a 

calmodulin-null allele) heterozygotes, transheterozygotes of Camn339/+ and DmPiezoKO/+ 

significantly promote axon regeneration. The injury site is demarcated by the dashed circle, 

and arrowheads mark the regrowing axon tips.
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(B–G) Quantification of class III da neuron axon regeneration with regeneration percentage 

(B and E), regeneration index (C and F), and regeneration length (D and G). n = 20–49 

neurons from 5 to 16 larvae.

(H) In uninjured control, phosphor-CamKII (Thr305) staining (p-αCamKII) is present 

diffusely in the class III da neuron cell body, axon, and dendrites, both in WT and 

DmPiezoKO. After injury, WT class III da neurons show enriched p-aCamKII staining in the 

growth cone tip (yellow dashed circle), which is not present in DmPiezoKO.

(I) CamKII RNAi in class III da neurons specifically abolishes the p-aCamKII staining in 

the cell body (magenta dashed circle), dendrites and axon.

(J) At 24 hr AI, a small fraction (14%) of the injured class III da neurons in WT or 

DmPiezoKO show p-aCamKII staining in the growth cone tip. However, at 48 h AI, whereas 

50% of the WT class III da neurons show obvious staining in the growth cone tip, it is not 

present in DmPiezoKO. n = 4–8 neurons from 3 to 5 larvae. *p < 0.05,

**p < 0.01, ***p < 0.001 by Fisher’s exact test (B and E), one-way ANOVA followed by 

Dunnett’s test (C, F, and G) or Dunn’s test (D). Scale bar, 20 μm.

See also Figure S5.

Song et al. Page 32

Neuron. Author manuscript; available in PMC 2019 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Nos Functions in Conjunction with DmPiezo to Inhibit Axon Regeneration
(A) Class III da neurons do not regrow in heterozygotes of DmPiezoKO/+ or NosΔ15/+, 

whereas their regeneration is enhanced in the double transheterozygotes of DmPiezoKO/+ 

NosΔ15/+, and in NosΔ15. Class III da neuron-specific overexpression of Nos suppresses the 

enhanced regeneration phenotype in DmPiezoKO. The injury site is demarcated by the 

dashed circle. Arrow marks axon stalling, while arrowheads show the regrowing axon tips.

(B–D) Quantification of class III da neuron axon regeneration with regeneration percentage 

(B), regeneration index (C), and regeneration length (D). n = 26–43 neurons from 7 to 10 

larvae.

*p < 0.05, ***p < 0.001 by Fisher’s exact test (B), one-way ANOVA followed by Holm-

Sidak’s test (C and D). Scale bar, 20 μm.

Song et al. Page 33

Neuron. Author manuscript; available in PMC 2019 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



See also Figure S6.
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Figure 7. for or PKG Inhibits Axon Regeneration Downstream of Nos
(A) Class III da neuron axon regeneration is enhanced in fork04703, transheterozygotes of 

fork04703/ forDfED243, class III da neuron-specific expression of forRNAi, double 

transheterozygotes of NosΔ15/+, forDfED243/+, but not in for11.247, heterozygotes of NosΔ15/+ 

or fork04703/+. Class III da neuron-specific overexpression of Nos fails to mitigate the 

regeneration enhancement seen in fork047037, whereas FOR-T1 over-expression largely 

suppresses the phenotype in NosΔ15.

(B–M) Quantification of class III da neuron axon regeneration with regeneration percentage 

(B, H, and K), regeneration index (C, I, and L), and regeneration length (D, J, and M). 

Quantification of class IV da neuron axon regeneration with regeneration percentage (E), 

regeneration index (F), and regeneration length (G). Whereas expressing a single copy of 
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FOR-T1 with two independent alleles: for-T1 and dg2-P1 or FOR-T2 with dg2-P2A all fail 

to achieve significant inhibition in class IV da neurons, overexpressing two copies of FOR-

T1 (for-T1X2) impedes axon regeneration. n = 17–37 neurons from 5 to 15 larvae.

*p < 0.05, **p < 0.01, ***p < 0.001 by Fisher’s exact test (B, E, H, and K), one-way 

ANOVA followed by Holm-Sidak’s test (C and F), Dunn’s test (D), or Dunnett’s test (G, I, 

J, L, and M). Scale bar, 20 μm.

See also Figure S7.
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Figure 8. Piezo Inhibits Axon Regeneration in Mammalian Injury Models
(A) Piezo1 agonist Yoda1 (30 μM) modestly reduces axon regeneration of rat hippocampal 

neurons cultured in a microfluidic chamber, when applied to the axon terminal chamber 

immediately after injury. The axons are labeled with α-Gap43 staining.

(B) The axon coverage area is measured and normalized to the total width of the 

microgrooves. The value from the Yoda1 group is further normalized to the corresponding 

DMSO vehicle control group in the same experiment. Yoda1 treatment modestly reduces the 

coverage area of the regrown axons. n = 6 experiments.

(C) The proposed Piezo-CamKII-Nos-for or PKG signaling cascade that responds to injury 

and inhibits axon regeneration.

(D) To label corneal sensory axons and generate sensory neuron-specific Piezo1 conditional 

knockout (Piezo1 cKO), mice are bred with Advillin(Avil)-CreER; Rosa-stop-tdTomato; 
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Piezo1fl/fl alleles, and Cre-mediated recombination is induced by tamoxifen (TAM) 

injection.

(E) A 2-photon microscopy based intravital imaging system is implemented to visualize and 

manipulate tdTomato-labeled corneal sensory nerves in live mice. Serial optical sections are 

collected to reconstitute a max-projection image of the entire cornea. The timeline describes 

the experimental paradigm, including tamoxifen injection, laser ablation, nerve ablation, and 

imaging.

(F) The larger nerve trunks located in the stroma are ablated before they branch into thinner 

fibers (dashed circle). The degeneration of the nerve fibers downstream of the ablation sites 

both in the stroma and the subbasal nerve plexus is confirmed by imaging at 24 and 48 hr 

after ablation.

(G) In the control group (normal siblings, Avil-CreER; Piezo1fl/+ + TAM), corneal sensory 

axons show limited regeneration within 7 days post-ablation, leaving large areas deprived of 

sensory innervation. Piezo1 cKO (Avil-CreER; Piezo1fl/fl + TAM) show accelerated axon 

regeneration, with more vacant space reinnervated by the regenerating nerve fibers.

(H) The regenerating axons are manually traced and the length of regrown axons is 

measured. Piezo1 cKO exhibits significantly higher regeneration capacity as reflected by the 

increase of the total length of regenerating nerve fibers. The dataset for normalized 

regeneration B is shown. n = 4 mice for control and 5 mice for Piezo1 cKO.

*p < 0.05, **p < 0.01 by two-tailed unpaired Student’s t test (B), two-way ANOVA followed 

by Sidak’s multiple comparisons test (H). Scale bar, 100 μm.

See also Figure S8.
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