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Abstract Vincristine, a widely used chemotherapeutic agent for treating different cancer, often induces

severe peripheral neuropathic pain. A common symptom of vincristine-induced peripheral neuropathic

pain is mechanical allodynia and hyperalgesia. However, mechanisms underlying vincristine-induced me-

chanical allodynia and hyperalgesia are not well understood. In the present study, we show with behav-

ioral assessment in rats that vincristine induces mechanical allodynia and hyperalgesia in a PIEZO2

channel-dependent manner since gene knockdown or pharmacological inhibition of PIEZO2 channels al-

leviates vincristine-induced mechanical hypersensitivity. Electrophysiological results show that vincris-

tine potentiates PIEZO2 rapidly adapting (RA) mechanically-activated (MA) currents in rat dorsal root

ganglion (DRG) neurons. We have found that vincristine-induced potentiation of PIEZO2 MA currents

is due to the enhancement of static plasma membrane tension (SPMT) of these cells following vincristine
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treatment. Reducing SPMT of DRG neurons by cytochalasin D (CD), a disruptor of the actin filament,

abolishes vincristine-induced potentiation of PIEZO2 MA currents, and suppresses vincristine-induced

mechanical hypersensitivity in rats. Collectively, enhancing SPMTand subsequently potentiating PIEZO2

MA currents in primary afferent neurons may be an underlying mechanism responsible for vincristine-

induced mechanical allodynia and hyperalgesia in rats. Targeting to inhibit PIEZO2 channels may be

an effective analgesic method to attenuate vincristine-induced mechanical hypersensitivity.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Vincristine (VCR), a potent cytostatic alkaloid that prevents
tubulin polymerization from soluble dimers into microtubules, is
widely used as a chemotherapeutic agent to treat a variety of
cancer1e5. Peripheral neuropathic pain is commonly induced by
VCR in chemotherapy and it is a major adverse effect that limits
the effective doses of VCR for cancer treatment1,5e7. Recently,
VCR liposomes, a new kind of carrier-based smart drug delivery
form, is developed for enhancing therapeutic effects with mini-
mized systemic adverse effects of VCR8. VCR-induced neuro-
pathic pain is commonly manifested with mechanical
hypersensitivity, paresthesias and numbness in a stocking-and-
glove distribution fashion in humans9e11. In experimental mam-
mals, systemic administration of lower dose of VCR (< 100 mg/
kg/day) induced mechanical allodynia and hyperalgesia without
motor dysfunctions, and thermal hypersensitivity was not
observed9,10,12,13. However, the mechanisms underlying VCR-
induced mechanical hypersensitivity remain to be unclear. Clini-
cally, mechanical allodynia is defined as pain induced by innoc-
uous mechanical stimuli such as brushing and gentle touch;
mechanical hyperalgesia is defined as exaggerated pain sensations
induced by mild noxious mechanical stimuli such as pinch and
pressure. These abnormal sensory responses occur under a number
of pathological conditions including patients receiving chemo-
therapy such as VCR treatment14,15.

A key step of sensing mechanical stimuli is mechano-
transduction, a process by which mechanical energy is transduced
into electrical signals at the peripheral endings of primary afferent
nerves whose cell bodies are resided in DRGs and trigeminal
ganglions. PIEZO channels, including PIEZO1 and PIEZO2, have
been identified as bona fide mammalian mechanotransducers by
producing mechanically-activated (MA) currents under sensing
mechanical stimuli16e18. Based on their inactivation kinetics (also
known as decay time constant, t), the MA currents were classified
into three types, rapidly adapting (RA, t < 10 ms), intermediately
adapting (10 ms < t < 30 ms) and slowly adapting
(t > 30 ms)19e21. PIEZO2 channels are shown to mediate suffi-
ciently the RA MA currents in DRG neurons and cutaneous
Merkel cells and are required for sensing gentle touches16,22e24.
For the discovery that PIEZO channels, especially PIEZO2
channels, are “the receptors of touch”, Dr. Ardem Patapoutian was
awarded the Nobel Prize in Physiology or Medicine in 2021
(https://www.nobelprize.org/prizes/medicine/2021/summary/).
PIEZO2 channels are extensively expressed in almost all DRG
neurons in rodent animals25,26. Studies with either DRG neuron-
specific PIEZO2 knockout mice or human patients with loss of
function mutations in PIEZO2 gene have demonstrated that loss of
PIEZO2 expression and function leads to the impairment of sen-
sory responses to gentle touch and suppression of mechanical
allodynia22,25,27e29.

Given that PIEZO2 channels play important roles in mecha-
notransduction in primary afferent nerves, we hypothesize that
PIEZO2 may be involved in mechanical hypersensitivity in VCR-
induced peripheral neuropathy.

2. Materials and methods

2.1. Chemicals and antibodies

All chemicals were purchased from Sigma (SigmaeAldrich LLC,
St. Louis, MO, USA). Antibodies specific to PIEZO2 (NBP1-
78624) were purchased from Novus Biologicals (Novus Bi-
ologicals LLC, Littleton, CO, USA). Antibodies specific to b-actin
and secondary antibodies were purchased from Abcam (Abcam,
Cambridge, UK).

2.2. Animals

Male SpragueeDawley (SD) rats (6 to 8-weeks-old; 110e130 g)
were used. Animal care and use conformed to the guidelines of the
local Animal Care and Use Committee at Hebei Medical Uni-
versity (Shijiazhuang, China).

2.3. Animal model of mechanical hypersensitivity

VCR (0.05 mg/kg/day, diluted to 0.15 mL in saline, Tocris) was
administered with an intraperitoneal injection (i.p.) using a
5-days-on, 2-days-off schedule as previously described12. This
VCR treatment regimen produced hypersensitivity to mechanical
stimuli in animals following 3e5 days of treatment. To verify the
current dose of VCR did not affect motor functions and thermal
sensations of animals, Rota-rod test, hot (52 �C) and cold (4 �C)
plate test and Hargreaves test were performed and results were
shown (Supporting Information Fig. S1).

2.4. Focal application to knock down PIEZO2 by shRNA
interference in DRG in vivo

PIEZO2-shRNA lentiviral particles were focally applied to knock
down the expression of PIEZO2 in DRG neurons in vivo. PIEZO2-
(sc-270372-V)23 and scrambled shRNA lentiviral particles were
purchased from Santa Cruz Biotech (CA, USA). PIEZO2- or
scrambled shRNA lentiviral particles were injected into DRGs.
Five days later, VCR was injected (i.p.) to rats to induce

http://creativecommons.org/licenses/by-nc-nd/4.0/
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mechanical hypersensitivity. After behavioral assessment, the
injected DRGs were harvested and PIEZO2 expression was
examined in DRG neurons by immunostaining.

Animal surgery and focal application of shRNA lentiviral
particles were performed as previously described30. In brief, male
SD rats were anesthetized with injection (i.p.) of sodium pento-
barbital (60e80 mg/kg). A midline incision was made at the
L4eL6 spinal level of rats, and the L5 was identified at the
midpoint of a link between both sides of the iliac crest. A 0.8-mm
hole (w1 mm off the inferior edge of the transverse process) was
drilled through the transverse process over the L4 and L5 DRG.
Approaching of a ganglion was verified by the twitch of the paw.
The microinjector (Hamilton Co.) contained 3 mL solution of
shRNA lentiviral particles was inserted into DRG to a depth of
500 mm through the hole. The shRNA lentiviral particles were
injected slowly into each L4 and L5 DRG on one side, and the
needle was removed 5 min after the injection was completed. The
incision was closed with sutures. Intramuscular injection of ben-
zylpenicillin (19 mg/0.1 mL) was given immediately after surgery.
Postoperatively, rats were housed individually in plastic cages
with sawdust flooring and supplied with water and food ad libi-
tum. Animals were left to recover for at least 3 days before
receiving VCR injection (i.p.) to induce mechanical neuropathy
model.

2.5. Animal behavioral measurement

2.5.1. von Frey test
In each test, a rat was placed in a transparent plastic chamber
(length � width � height Z 20 cm � 10 cm � 14 cm) suspended
above a wire mesh platform (Ugo Basile, Italy). After habituation
for 15 min, the mechanical sensitivity of rat’s right hind paws was
examined using von Frey filaments (Ugo Basil, Italy). A series of
von Frey filaments (force range from 0.16 to 26 g) were used
sequentially in ascending order to push against the plantar surface
of the hind paws. Each filament was applied to the plantar surface
five times with a 10-s inter-trial interval. For each trial, the fila-
ment was applied until buckling of the filament occurred and was
then held for 5 s. The withdrawal threshold was defined as the
force value of a filament that produced 3 hind paw withdrawals in
response to five stimuli. In each experiment, the baseline with-
drawal threshold was first measured 15 min before the injection of
testing compounds. The intraplantar hind paw of the rat was
injected with one of the following solutions in a volume of
100 mL: saline solution (as Vehicle1); 0.5% dimethylsulfoxide
(DMSO) saline solution (as Vehicle2); CD (1 mmol/L) in 0.5%
DMSO saline solution; Gd3þ (0.3 mmol/L) in saline solution.
Withdrawal thresholds were then measured at 15, 30, 60, and
90 min after the injection. To test for a less acutely developing
allodynia effect of VCR, the withdrawal threshold was measured
each day (Monday through Friday) before that day’s injection of
VCR.

2.5.2. RandalleSelitto test
Nociceptive withdrawal thresholds were examined and quantified
by RandalleSelitto (Ugo Basile, Italy) mode pressure test. The
RandalleSelitto device applies a linearly increasing mechanical
force to the dorsum of the rat’s hind paw through the cone head of
a cone, while the plantar surface of the hind paw was against the
top of a cylinder. In order to make sure that the mechanical force
was applied on the plantar surface of the hind paw, we modified
the direction of the mechanical stimulus device. The cone head
and cylinder were exchanged so that the plantar surface of the
hind paw was against the cone head while the dorsum of the hind
paw received the mechanical force through the bottom of a cyl-
inder. In each test, rats were habituated for 10 min to the testing
procedure. The baseline nociceptive withdrawal threshold was first
measured 15 min before the injection of testing compounds. The
intraplantar hind paw of the rat was then injected with one of the
following solutions in a volume of 100 mL: saline solution; 0.5%
DMSO saline solution; CD (1 mmol/L) in 0.5% DMSO saline
solution; Gd3þ (0.3 mmol/L) in saline solution. Nociceptive
withdrawal thresholds were then measured at 15, 30, 60, and
90 min after the injection. To test for a less acutely developing
hyperalgesic effect of VCR, the nociceptive withdrawal threshold
was measured each day (Monday through Friday) before that
day’s injection of VCR.

2.5.3. Rota-rod test
Rota-rod test was performed as previously described31 to assess
motor coordination in rats. Briefly, rats were trained to remain on
a treadmill device (Jixing Rota-Rod, Hebei, China) with slowly
revolving rods of 6 cm diameter at 30 rpm for 60 s. Rats that were
able to remain on the rod for 180 s or longer were selected and
randomly divided into control group (Veh) and VCR group (VCR)
of 8 rats per group. After VCR treatment, rats were placed indi-
vidually on the revolving rod at intervals of 30 min, up to 60 min.
If an animal failed more than once to remain on the rod for 3 min,
the test was considered positive, meaning there was a lack of
motor coordination.

2.5.4. Hot or cold plate test
In the hot plate test, control group (Veh) and VCR group (VCR)
rats were placed on a hot plate at a certain temperature of 52 �C.
Before (Day 0) and after (Days 2, 4, 6, 8, 10, and 12) the treat-
ment, the response latency was recorded when the rats licking the
hind paw or jumping. The cut-off time was 30 s to prevent
scalding. In the cold plate test, control group (Veh) and VCR
group (VCR) rats were placed on a cold plate at a certain tem-
perature of 4 �C. Before (Day 0) and after (Days 2, 4, 6, 8, 10, and
12) the treatment, the response latency was recorded when the rats
licking the hind paw or jumping. The cut-off time was 30 s to
prevent frostbite.

2.5.5. Hargreaves test
Hargreaves test was performed by a radiant heat lamp source (PL-
200, Taimeng Co., Chengdu, China). Briefly, the intensity of the
radiant heat source was set at 25 � 0.1%. Rats were individually
placed into plexiglass cubicles placed on a transparent glass sur-
face. The light beam from the radiant heat lamp located below the
glass, was directed at the plantar surface of hindpaw. Time was
recorded from the onset of radiant heat stimulation to the with-
drawal of the hindpaw. The cut-off time was 30 s to prevent
scalding. Three trials with an interval of 10 min were made for
each rat, and scores from the three trials were averaged.

2.6. Cell culture and transfection

Primary cultures of DRG neurons were prepared from 6 to
8-weeks-old male SD rats using a previously described proced-
ure32. Briefly, rats were anesthetized with isoflurane and sacri-
ficed by decapitation. DRGs were rapidly dissected out
bilaterally and incubated with 0.2% collagenase and 0.5% dis-
pase for 1 h at 37 �C in a minimum essential medium for
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suspension culture (Invitrogen). After digestion and trituration to
dissociate neurons, DRG neurons were plated on glass coverslips
pre-coated with poly-D lysine (12.5 mg/mL) and laminin
(20 mg/mL in Hanks’ buffered salt solution, BD Biosciences).
The cells were cultured in minimum essential medium (Invi-
trogen) that contained 2.5S nerve growth factor (10 ng/mL;
Roche Applied Science), 5% heat-inactivated horse serum (JRH
Biosciences, Lenexa, KS), uridine/5-fluoro-20-deoxyuridine
(10 mmol/L), 8 mg/mL glucose, and 1% vitamin solution (Invi-
trogen). The cultures were maintained in an incubator at
37 �C with a humidified atmosphere of 95% air þ 5% CO2. Cells
were used for patch clamp recordings after culturing for 2e5 days.
In the knockdown experiment, DRG neurons were acutely cultured
for 12 h and then incubated with scrambled shRNA or PIEZO2
shRNA for 24 h. Next, whole-cell patch clamp recordings were
performed on these cells after recovery for 48 h. DRG neurons from
VCR-induced neuropathic pain rats were cultured using the same
protocol as described above. And then patch clamp recordings were
performed on these cells within 24 h.

Human embryonic kidney (HEK293T cells) were plated onto
13mm glass coverslips pre-coated with poly-D-lysine (100 mg/mL).
Transfections were performed with X-tremeGENE HP DNA
transfection reagent (Roche) according to the manufacturer’s pro-
tocol. In addition, EGFP was co-transfected to identify the trans-
fected cells. The PIEZO2 plasmid was purchased from Addgene
(plasmid #81073).

2.7. Electrophysiological recordings

Electrophysiological recordings were performed as described in
previous study32. Whole-cell patch-clamp recordings were applied
to record MA currents in rat DRG neurons and PIEZO2 currents in
PIEZO2 plasmid transfected HEK 293T cells at room temperature
of 22e24 �C. Coverslips with cultured neurons were placed in a
0.5 mL recording chamber. The recording chamber was mounted
on a stage of an Olympus IX71 inverted microscope (Olympus
Corporation, Tokyo, Japan) and cells were continuously perfused at
2 mL/min with bath solution. The bath solution contained
145 mmol/L NaCl, 5 mmol/L KCl, 2 mmol/L MgCl2, 2 mmol/L
CaCl2, 10 mmol/L glucose, 10 mmol/L HEPES, with an osmolarity
of 320 mOsm and pH 7.35. The recording electrode internal so-
lution contained 70 mmol/L Cs2SO4, 5 mmol/L KCl, 2.4 mmol/L
MgCl2, 0.5 mmol/L CaCl2, 5 mmol/L EGTA, 10 mmol/L HEPES,
5.0 mmol/L Na2ATP, 0.33 mmol/L GTP-Tris salt, with pH 7.35 and
osmolarity of 320 mOsm. The recording electrodes were fabricated
from thin wall borosilicate glass capillaries using a Flaming P-97
puller (Sutter Instrument Co., Novato, CA, USA) and had re-
sistances of 3e5 MU. Junction potential between bath and elec-
trode solution was calculated to be 11 mV and was corrected for
the data analysis. Voltage clamp recordings were performed with
cells held at �71 mV (command voltage of �60 mV minus 11 mV
for junction potential correction). Signals were recorded with an
Axonpatch 200B amplifier, filtered at 2 kHz, and sampled at 5 kHz
using pCLAMP 10.7 (Axon Instruments; Molecular Devices, LLC,
Sunnyvale, CA, USA). The protocol used to study PIEZO2 MA
currents in DRG neurons was as follows: the cells were held at
�71 mV and cell membranes were displaced by a heat-polished
glass probe. The probe, with a w4 mm diameter tip, was posi-
tioned at an angle of 45� to the surface of the dish and its move-
ment was controlled by a piezo-electric device (Physik
Instruments, Auburn, MA, USA). The probe was moved at a speed
of 0.5 mm/ms. Membrane displacements by the probe were visu-
alized as live images, which were continuously captured by a CCD
camera through a 40 � objective and displayed on an
11-inch monitor throughout each experiment. For most recordings,
a fixed membrane displacement (6 or 7 mm, 500-ms duration) was
applied immediately after breaking into the whole-cell mode and
then continually applied at an interval of 2 min for up to 30 min. In
some experiments, a series of mechanical stimuli in 1-mm in-
crements with 500-ms duration of each step was applied to elicit
MA currents. The interval was 6 s when the displacement steps
were applied. Because membrane displacement might affect
membrane seal to change access resistance, membrane properties
were continually monitored during each recording. This was ach-
ieved by applying 5-mV test pulses. Data were discarded if
membrane access resistance changed during recordings. For
intracellular hypertonicity, hypertonic recording pipette solution
was used, and the solution was similar to normal pipette solution
except the osmolarity was adjusted with sucrose to 420 mOsm. In
experiments to introduce hypertonicity extracellularly, a hypertonic
bath solution was used, and the solution was similar to normal bath
solution except the osmolarity was adjusted with sucrose to 420
mOsm. Cell diameters were measured from images captured by a
digital camera, and a cell diameter was calculated as the average of
the longest and shortest widths of the cell.

Whole-cell patch clamp recording data were analyzed using
Clampfit 10.7 software. The threshold for eliciting PIEZO2 MA
currents was defined as the minimum membrane displacement that
evoked a visible inward MA current. The onset latency of a
PIEZO2 MA current in response to a membrane displacement was
the time delay from the contact of cell membranes by stimulation
probe to the initiation of the PIEZO2 MA current. Decay time
constant of a PIEZO2 MA current was obtained by fitting the
current decay phase in the range of 10%e90% with a single
exponential equation.

2.8. Membrane tension measurement

The SPMT of cultured rat DRG neurons was measured using the
micropipette aspiration technique as previous study described32.
Briefly, micropipette was pulled from thin wall borosilicate glass
capillaries using Flaming P-97 puller. The tips of the micropi-
pettes had internal diameters ranged between 5 and 8 mm
depending on cell sizes, and the tip of each micropipette was in a
cylindrical shape at a length of approximately 10 mm. Micropi-
pettes were filled with bath solution that contained 5% horse
serum to allow the cell membrane to move smoothly into the
micropipette during aspiration. The micropipette was affixed on a
head stage of a high-speed pressure clamp (HSPC) device, and the
head stage was mounted on a holder of a micromanipulator to
allow fine control of the position of the micropipette. At the
beginning of each experiment, the pressure in the pipette was
equilibrated to the atmospheric pressure. The micropipette was
moved horizontally toward a cell until its tip was in full contact
with the cell membrane. To apply aspiration, steps of negative
pressures were generated by HSPC device, and the negative
pressures were delivered to the micropipette tip via the head stage
of the HSPC. The HSPC was controlled, and pressure steps were
programmed using pCLAMP 10.7 (Axon Instruments). Each
negative pressure step was at 0.01 mmHg and was applied until
membrane projection was stabilized at a certain length before
advancing to the next pressure step. A test for a single pressure
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step usually took w2 min. The negative pressure steps were
continually applied to the cell until obtaining the negative pressure
at which the membrane projection reached the length of the radius
of the micropipette tip. During each negative pressure step, real-
time images of membrane deformation were acquired by a CCD
camera and displayed on a 17-inch video monitor to track the
membrane projection that was aspirated into the pipette. Mem-
brane tension was determined based on the law of LaPlace and
Young-LaPlace Eq. (1) 33

PpZ2Tc$
�
1
�
Rpe1

�
Rc

� ð1Þ
where Tc is the plasma membrane tension; Rc is the radius of the
cell outside the pipette; Rp is the radius of the pipette; Pp is the
pipette pressure to result in Lp Z Rp; Lp is the length of membrane
projection in the pipette, and Pp Z Pc (intracellular pressure)
when Lp Z Rp. The value of SPMT at each time point represents
averaged SPMT around that time point with the time bin of
�1 min.

2.9. Immunostaining

SD rats were transcardially perfused with 4% paraformaldehyde
under terminal anesthesia (Sodium Pentobarbital, 80 mg/kg).
Lumbar DRGs were removed and stored in 0.1 mol/L Phosphate
Buffer (SigmaeAldrich) followed by embedding in OCT
(SAKURA), then postfixed in 4% paraformaldehyde for 1 h prior
to sectioning. DRG sections were cut at 35 mm using a vibrating
microtome (Leica). Sections were washed once with 0.1 mol/L
phosphate buffer saline (PBS) (SigmaeAldrich), incubated for
30 min in 37 �C with 0.3% Triton X-100/PBS buffer and blocked
for 2 h with blocking buffer (3% donkey serum in 0.1 mol/L PBS;
SigmaeAldrich). Sections were then incubated with primary anti-
PIEZO2 antibody (1:200; Novus Biologicals, Littleton, CO, USA)
overnight at 4 �C. Following 3 rinses with 1% goat serum PBS
solution, sections were further incubated with the secondary
antibody conjugated to Alexa Fluor 594 (1:500; Invitrogen,
Carlsbad, CA, USA) for 4 h at room temperature. Sections were
washed with PBS 3 times and placed on microscope slides.
Staining was visualized using a confocal fluorescent microscope
(Leica SP5, Leica).

For the immunostaining of individual DRG neurons, planted
cells were incubated at room temperature for 15 min in 4%
paraformaldehyde solution and further incubated for 2 h in a
mixture solution of 0.3% TritonX-100 and 4% paraformaldehyde.
After three rinses with PBS, the cells were incubated for 2 h at
room temperature with a 2% Triton X-100 solution. The cells were
rinsed two times with 1% goat serum PBS and then incubated for
1 h in a solution of 4.5% normal goat serum in PBS with 0.3%
Triton X-100 to block nonspecific antibody binding. The cells
were incubated with a primary anti-PIEZO2 antibody overnight at
4 �C. Following three rinses with 1% goat serum PBS solution, the
cells were further incubated with a secondary antibody for 1 h at
room temperature. The secondary antibody (1:200 in 1% goat
serum PBS solution) was a goat anti-rabbit IgG conjugated with
Alexa-488 (Jackson Immuno Research). The cells were rinsed
three times with 1% goat serum PBS solution, and coverslipped
with a glycerol-based anti-photobleach medium. Cell images were
taken under a confocal fluorescent microscope. The values of
immunofluorescence (IF) intensity were measured along the line
over cells.
2.10. Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Total RNA from rat DRGs was extracted using a commercial RNA
isolation kit (RNAiso, Takara Bio, Inc., Otsu, Japan). Isolated
RNA was dissolved in 20 mL diethyl pyrocarbonate-treated
(DEPC-treated) water and reverse-transcribed using an RT re-
agent kit (PrimeScript with gDNA Eraser, Takara Bio, Inc.) and a
thermal cycler (Bio-RAD, CA, USA). Quantitative PCR reaction
was performed using a kit (SYBR Premix Ex TaqII [Tli RNase H
Plus], Takara Bio, Inc.), and the fluorescent DNAwas detected and
quantified with an Eco System (Gene Company Limited, HK,
China). The PCR primer sequences were as follows: PIEZO2
forward: TAAGGAGTTCATCGGCAATA, and reverse: AGG-
CAGCCAAACAGCAAT; GAPDH forward: GGAGATTACTG
CCCTGGCTCCTAGC, and reverse: GGCCGGACTCTTCG-
TACTCCTGCTT. GAPDH was used as an internal control. Each
test was performed in triplicate. Gene expression was calculated
from the cycle threshold (Ct) value, and the 2eDDCt method was
used.

2.11. Western blot analysis

Proteins were extracted from DRGs, separated by electrophoresis
on a 10% SDS-polyacrylamide gel, and transferred onto PVDF
membranes. Nonspecific binding sites were blocked with 5%
skim milk in Tris-buffered saline solution with Tween-20 for 2 h
at room temperature. Membranes were then incubated with pri-
mary antibodies overnight at 4 �C. b-Actin was used as a
housekeeping protein. The second day, the blots were incubated
with secondary antibodies for 2 h at room temperature and
visualized by the Odyssey Fc System (LI-COR, NE, USA).
Densitometry of the protein bands was performed using ImageJ
1.50i software (National Institutes of Health). The experiments
were repeated at least three times.

2.12. Statistical analysis

Data are presented as the mean � standard error of the mean
(SEM) for the indicated number of independently conducted ex-
periments, and analyzed with SPSS (SPSS, Inc., Chicago, IL,
USA). The concentrationeeffect curve for VCR-induced poten-
tiation of PIEZO2 MA currents was fitted by Hill function. Sta-
tistical significance was evaluated by either a Student’s t-test or a
one-way analysis of variance followed by multiple comparison
using Student’s t-test without corrections32,34. c2 test was used to
analyze the difference in the amounts of PIEZO2-positive neurons
between control rats and VCR-pain model rats. P < 0.05 was
considered to indicate a statistically significant difference.

3. Results

3.1. Knockdown of PIEZO2 expression in DRG neurons
prevents VCR-induced mechanical hypersensitivity

To determine the essential role of PIEZO2 in mediating VCR-
induced mechanical hypersensitivity, we knocked down the
expression of PIEZO2 in rat DRG neurons using shRNA inter-
ference. Solution of PIEZO2 shRNA or scrambled shRNA lenti-
viral particles was directly administrated in L4 and L5 DRG
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tissues through microinjection under animal surgery. A group of
rats received microinjection of vehicle was used as blank control.
After surgery, rats recovered for 3 days before receiving i.p. in-
jection of VCR. A subgroup of PIEZO2 shRNA-treated rats
received i.p. injection of vehicle (PIEZO2 shRNA þ Veh2) was
used as the control for VCR treatment rats (PIEZO2
shRNA þ VCR). We then performed the behavioral test in vivo.
Mechanical allodynia and hyperalgesia were identified by the
reduction of hind paw withdrawal threshold and nociceptive
withdrawal threshold which were measured by von Frey filament
(Fig. 1A) and RandalleSelitto pressure test (Fig. 1B), respec-
tively. Basic thresholds were measured before shRNA lentiviral
particles administration. One day before i.p. injection of VCR, the
thresholds were also measured. As shown in Fig. 1A and B, there
was no significant difference in basic withdrawal threshold and
nociceptive withdrawal threshold among the four groups (Fig. 1A
and B). At the 6th day of VCR administration, the withdrawal
thresholds of scrambled shRNA group rats were significantly
reduced compared with that of vehicle-treated rats (Fig. 1A).
Additionally, scrambled shRNA group rats showed persistent
lower withdrawal thresholds following VCR administration
(Fig. 1A). At the 4th day of VCR administration, the withdrawal
thresholds of PIEZO2 shRNA group rats were significantly
increased compared with that of scrambled shRNA group rats
(Fig. 1A). After that, rats in PIEZO2 shRNA þ VCR group dis-
played gradually elevated withdrawal thresholds, which were even
much higher than that of vehicle-treated rats (Fig. 1A). While the
withdrawal thresholds of PIEZO2 shRNA þ Veh2 group rats
significantly increased at the 4th day and gradually elevated along
the experimental schedule. Compared to PIEZO2 shRNA þ Veh2
group rats, the withdrawal thresholds of PIEZO2 shRNA þ VCR
group rats significantly reduced in the later schedule (Fig. 1A). At
the 3rd day of VCR administration, the nociceptive withdrawal
Figure 1 Focal knockdown of PIEZO2 MA channel in DRG suppressed

and mechanical hyperalgesia (B) were determined by the reduction of wit

withdrawal thresholds measured with RandalleSelitto set, respectively. S

performed following the schedule (above). Each group represented by dif

nostaining of PIEZO2 in DRG neurons in scrambled shRNA þVCR (left) a

of PIEZO2 in scrambled shRNA þ VCR (open bar) and PIEZO2 shRNA

respectively. Data are shown in mean � SEM; */$P < 0.05, **/##/$$P < 0.
thresholds of scrambled shRNA group rats were significantly
reduced compared with that of vehicle-treated rats (Fig. 1B).
Then, scrambled shRNA group rats showed sustained lower
nociceptive withdrawal thresholds following VCR administration
(Fig. 1B). PIEZO2 shRNA interference (PIEZO2 shRNA þ VCR)
restored the nociceptive withdrawal thresholds to the levels of
vehicle treated rats (Fig. 1B). As a control, the nociceptive with-
drawal thresholds of PIEZO2 shRNA þVeh2 group rats showed a
small but significant reduction in the later schedule (Fig. 1B).
Notice that an interesting phenomenon was PIEZO2
shRNA þ VCR group rats showed significant increase of the
thresholds in von Frey test while showed no significant changes in
RandalleSelitto test when compared to the normal level (Fig. 1A
and B).

These different changes may be due to the role of PIEZO2 not
only inmediating light touch sensation (von Freymodel)22,23,25, but
also in suppressing mechanical pain (RandalleSelitto model)24.
Knockdown of PIEZO2 certainly inhibited its role, as the touch
receptor, resulting in touch retardation which even belied the effect
of VCR (Fig. 1A). While knockdown of PIEZO2 also relieved its
role in suppression of mechanical pain so that the nociceptive
threshold should not be increased or be even decreased (Fig. 1B). To
confirm PIEZO2 was knocked down in DRG neurons, immuno-
staining experiments were performed to determine PIEZO2
immunoreactivity in PIEZO2 shRNA and scrambled shRNA
groups. As shown in Fig. 1C and D, PIEZO2-shRNA knockdown
significantly reduced the PIEZO2-immunoreactivity in DRG neu-
rons in comparison with the control group (Fig. 1C and D). The IF
intensity of PIEZO2 was 168.9 � 5.3 in scrambled shRNA group
and significantly reduced to 96.9 � 3.6 (P < 0.001) in PIEZO2-
shRNA group (Fig. 1D). Taken together, these results indicate that
knockdown of PIEZO2 in rat DRG neurons prevents VCR-induced
mechanical allodynia and hyperalgesia.
VCR-induced mechanical hypersensitivity. Mechanical allodynia (A)

hdrawal thresholds measured with von Frey filaments and nociceptive

hRNA (DRG inj.) and VCR (i.p., 50 mg/kg/day) administration were

ferent symbols is shown in top place. n Z 8 each group. (C) Immu-

nd PIEZO2 shRNA þVCR group (right), respectively. (D) IF intensity

þ VCR group (solid bar). n Z 83 and 81 in Cont and VCR group,

01, ***/###/$$$P < 0.001.
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3.2. Pharmacological inhibition of PIEZO2 channel activity
eliminates VCR-induced mechanical hypersensitivity

To further determine the role of PIEZO2 MA channels in VCR-
induced mechanical allodynia and hyperalgesia, we examined
behavioral outcomes in rats following the inhibition of PIEZO2
MA channels with pharmacological agents. In this set of experi-
ments, basic thresholds were measured before and after i.p. in-
jections of VCR (Fig. 2A and D). Four days after VCR treatment,
rats showed a significant reduction in mechanical withdrawal
threshold and nociceptive withdrawal threshold (Fig. 2A and D).
On Day 9 following VCR application, gadolinium (Gd3þ,
0.3 mmol/L), a blocker of PIEZO2 MA channel15 was subcuta-
neously injected into the hind paw and the withdrawal thresholds
were measured. We found that Gd3þ significantly increased the
mechanical withdrawal threshold and nociceptive withdrawal
threshold of VCR-neuropathic pain rats (Fig. 2B and E). On Day
11 following VCR administration, we measured the mechanical
withdrawal threshold and nociceptive withdrawal threshold
following subcutaneous injection of CD, a disruptor of actin fil-
aments. We have previously shown that CD inhibited PIEZO2 MA
currents in rat DRG neurons by reducing the SPMT of DRG
neurons32. In the present study, we found that CD also signifi-
cantly increased the mechanical withdrawal threshold and noci-
ceptive withdrawal threshold of VCR-neuropathic pain rats
Figure 2 Pharmacological inhibition of PIEZO2 MA channel activity

allodynia (A) and mechanical hyperalgesia (D) were elicited by VCR adm

9th day of VCR administration, mechanical withdrawal thresholds (B) an

BL) and at 30, 60 and 90 min after intraplantar injection (arrow at 0 min) of

(circle). A group of rats was considered as negative control (square). At th

(C) and nociceptive withdrawal thresholds (F) were tested before (baselin

0 min) of CD (1 mmol/L, 100 mL) (triangle) or the same volume of vehicle

Data are shown in mean � SEM, n Z 8 each group; */#P < 0.05, **/##P
(Fig. 2C and F). These results further support that PIEZO2 MA
channels may be involved in VCR-induced mechanical
hypersensitivity.

3.3. The expression of PIEZO2 is not changed in individual
DRG neurons in VCR-induced mechanical hypersensitivity rats

To address whether the PIEZO2-dependent mechanical allodynia
and hyperalgesia induced by VCR are due to the elevated
expression of PIEZO2 channels, we measured the PIEZO2
expression at mRNA level and protein level in DRG, respectively.
Surprisingly, we found that the expression of PIEZO2 was
significantly downregulated in DRGs in VCR-neuropathic pain
rats either at mRNA level or at protein level compared with that of
control group rats (Fig. 3AeC). The mRNA expression of
PIEZO2 was reduced by 59% in VCR-neuropathic pain group rats
(P < 0.001) compared with that of the control group rats
(Fig. 3A). Consistently, the protein expression of PIEZO2 in
VCR-neuropathic pain rats was also significantly reduced by
approximately 18% (P < 0.05) compared with that of control rats
(Fig. 3B and C). In addition, the expression of b-tubulin was not
significantly affected by VCR (Fig. 3B and C). These results
indicate that the changes of PIEZO2 expression are not directly
related to the disruption of microtubules with VCR treatment.
Using immunostaining assay we further measured the expression
suppressed VCR-induced mechanical hypersensitivity. Mechanical

inistration (i.p., 50 mg/kg/day) following the schedule (above). At the

d nociceptive withdrawal thresholds (E) were tested before (baseline,

GdCl3 (300 mmol/L, 100 mL) (triangle) or the same volume of vehicle

e 11th day of VCR administration, mechanical withdrawal thresholds

e, BL) and at 30, 60 and 90 min after intraplantar injection (arrow at

(circle). A group of rats was considered as negative control (square).

< 0.01, ***P < 0.001.



Figure 3 Expression of PIEZO2 in DRG neurons of VCR-induced

neuropathic pain rats. (A) Relative mRNA expression of Piezo2 in

DRG of control rats (Cont) and VCR-induced pain model rats (VCR).

Representative (B) and summary (C) data of PIEZO2 and Tubulin

expression with Western blot assay in DRG of control rats (Cont) and

VCR-pain model rats (VCR), respectively. b-Actin was used as con-

trol. n Z 12 each group. Representative images (D) and IF intensity

(E) of PIEZO2-positive DRG neurons of control rats (Cont) and VCR-

pain model rats (VCR). n Z 254 and 174 in Cont and VCR group,

respectively. (F) The ratio of PIEZO2-positive DRG neurons to total

DRG neurons in control rats (Cont) and VCR-pain model rats (VCR).

The amounts of PIEZO2-positive DRG neurons and total DRG neu-

rons of control rats (Cont) and VCR-pain model rats (VCR) are shown

above the bars. Data are shown in mean � SEM; *P < 0.05,

***P < 0.001.

3372 Mingli Duan et al.
of PIEZO2 channels in DRG neurons. Interestingly, as shown in
Fig. 3D and E, there was no significant difference in the IF in-
tensities of PIEZO2 in individual DRG neurons between VCR-
neuropathic pain rats and control rats (Fig. 3D and E). However,
the ratio of PIEZO2-positive DRG neurons was significantly
reduced from 52% (117 out of 226) of control rats to 31% (69 out
of 222) of VCR-neuropathic pain rats (Fig. 3F, P < 0.001). These
results indicate that the expression of PIEZO2 in individual DRG
neurons was unchanged but the amounts of PIEZO2-positive
neurons were significantly reduced in VCR-neuropathic pain
rats. The remaining PIEZO2-positive DRG neurons might be
sufficient to mediate VCR-induced mechanical hypersensitivity.
However, here raised a question the unchanged expression of
PIEZO2 in individual DRG neurons induced by VCR seemed in
contrast to VCR-induced potentiation of PIEZO2 currents (below)
and behavior observation obtained by PIEZO2 knockdown
(Fig. 1A and B). One possibility is that VCR may induce PIEZO2
translocation (trafficking) from cytoplasm to the membrane in
DRG neurons (see Discussion). Anyway, VCR-induced PIEZO2-
dependent mechanical hypersensitivity in rats is not due to the
upregulation of PIEZO2 expression in DRG neurons in rats.
3.4. VCR potentiates PIEZO2 MA currents in rat DRG neurons

We then examined the effects of VCR on PIEZO2 MA currents in
DRG neurons using patch clamp technique. Before this experi-
ment, we first examined the expression of PIEZO1 and PIEZO2
with Western blot assay in order to confirm that PIEZO2 was
dominantly expressed in rat DRG neurons. Indeed, the bands of
PIEZO2 were obvious while PIEZO1 was hard to be detected
(Supporting Information Fig. S2). Next, PIEZO2 MA currents
were elicited by a 7-mm membrane displacement on cultured rat
DRG neurons with a mechanical stimulation probe. PIEZO2 MA
currents were examined immediately after establishing the whole-
cell patch-clamp (initial) and then continually tested every 2 min
for up to 30 min. In this set of experiments, membrane tests were
continually conducted to monitor the membrane resistance of the
recorded cells, and cells whose membrane resistances were
changed during recordings were discarded (Fig. 4A). VCR
(5 mmol/L) was included in the recording pipette solution and
applied intracellularly once whole-cell configuration was ach-
ieved. As shown in Fig. 4A and B, VCR treatment significantly
potentiated PIEZO2 MA currents in rat DRG neurons. The
amplitude of PIEZO2 MA currents was gradually increased
following VCR application (Fig. 4A and B). For example,
following VCR treatment the amplitudes of PIEZO2 MA currents
increased to 2.4-fold (nZ 10, P < 0.05) at 8 min, 3.2-fold (nZ 9,
P < 0.001) at 16 min, 6.6-fold (n Z 8, P < 0.001) at 24 min and
about 8.8-fold (n Z 8, P < 0.001) at 30 min (Fig. 4A and B). We
also examined the effect of VCR on PIEZO2 MA currents which
were evoked at different membrane displacements. As shown in
Fig. 4CeE, for membrane displacements from 1 to 7 mm in a
1-mm step increment, PIEZO2 MA currents elicited following
VCR application were significantly larger than that of the control
group. For example, at 7-mm membrane displacements, PIEZO2
MA currents were 725 � 173 pA (n Z 10, P < 0.01) and
190 � 25 pA (n Z 10) with and without the applications of
5 mmol/LVCR, respectively (Fig. 4D). In control group (Fig. 4C),
PIEZO2 MA currents showed run-up phenomenon which was
consistent with our previous observation35. In addition, the VCR-
induced potentiation effect on PIEZO2 MA currents was
concentration-dependently increased along the increasing VCR
concentrations (0.2, 1, 5 and 25 mmol/L were tested respectively)
(Fig. 4C and D). The concentration for 50% of maximal effect
(EC50) was 2.4 mmol/L (Fig. 4C and E). Knocking down the
expression of PIEZO2 in DRG neurons using PIEZO2 shRNA
lentivirus, the VCR-induced potentiation of PIEZO2 MA currents
was dramatically suppressed (Fig. 4F and G). For example, the
PIEZO2 MA currents were reduced from 686 � 142 pA (n Z 9)
in scrambled shRNA group to 82 � 21 pA (n Z 10, P < 0.01) in
PIEZO2 shRNA group under 7-mm membrane displacements
(Fig. 4G). In summary, 45 DRG neurons were tested, 84.4%
(n Z 38) of them were potentiated by VCR, 15.6% (n Z 7)
showed no response (Supporting Information Fig. S3AeS3C).
Among the 38 responsive cells, 13.2% of them (n Z 5) were large
cells (cell diameter >40 mm), 44.7% (n Z 17) and 42.1%
(n Z 16) of them were medium (30e40 mm) and small cells
(<30 mm), respectively (Supporting Information Fig. S3B). In
addition, the potentiation effect of VCR on PIEZO2 currents was
also verified in heterologous expression HEK 293T cells (Fig. 4H
and I). As shown in Fig. 4I, VCR (5 mmol/L) intracellular treat-
ment significantly increased PIEZO2 currents from 350 � 163 pA
(n Z 5, Control) to 995 � 160 pA (P < 0.05; n Z 4, VCR) under
10-mm membrane displacements. Bath administration of D-



Figure 4 VCR potentiated PIEZO2 MA currents in rat DRG neurons and PIEZO2 transfected HEK 293T cells. (A) Sample traces showed the

PIEZO2 MA currents evoked by a 7-mm membrane displacement (above) at the initial time (black) and 30 min (red) after establishing whole-cell

mode patch recording with (right, VCR) or without (left, Cont) intracellular administration of VCR (5 mmol/L). The traces also included continual

membrane tests by voltage steps of 5 mV at the interval of 100 ms (light color). (B) Summary data of the potentiation of PIEZO2 MA currents

recorded with (red circle, VCR) or without (black square, Cont) intracellular application of VCR (5 mmol/L) over time. nZ 17 and 10 in Cont and

VCR group, respectively. (C) Representative traces of PIEZO2 MA currents elicited by a set of membrane displacements from 1 to 7 mm (above

the current traces) in control group (Cont, above the dish line) and VCR intracellular treatment group at different concentrations (VCR, below the

dish line). (D) Statistics for the potentiation of PIEZO2 MA currents treated intracellularly by different concentrations of VCR. The currents were

evoked at 30 min and VCR was used at 0.2 mmol/L (black diamond, n Z 4), 1 mmol/L (black inverted triangle, n Z 4), 5 mmol/L (black circle,

nZ 5) and 25 mmol/L (black triangle, nZ 4), respectively. nZ 7 in Cont group. (E) Concentrationeeffect curve of VCR-induced potentiation of

PIEZO2 MA currents in rat DRG neurons. The potentiation fold was evaluated from the effects induced by different concentrations of VCR at the

7-mm stimulation displacement. The EC50 is shown above. (F) Representative traces of PIEZO2 MA currents elicited by a 7-mm poking

displacement (above) at the initial time (black trace) and 20 min (red trace) from 5 mmol/L VCR intracellularly treated DRG neurons who were

incubated with scrambled shRNA (left) or PIEZO2 shRNA (right) lentivirus. (G) Summary data of PIEZO2 MA currents evoked with different

membrane displacements at 20 min in scrambled shRNA group (black square, n Z 9) or PIEZO2 shRNA group (red circle, n Z 10) of 5 mmol/L

VCR intracellularly treated DRG neurons. (H) Representative traces of PIEZO2 currents elicited by a set of membrane displacements from 1 to

10 mm (above the current traces) at the initial time (black traces) and 15e20 min (red traces) in control group (above the dish line) and in 5 mmol/

L VCR intracellular treatment group (below the dish line, VCR) in PIEZO2 transfected HEK 293T cells. In VCR group, the grey traces rep-

resented PIEZO2 currents were extracellularly treated with 10 mmol/L D-GsMTx4 at 15e20 min. (I) Summary data of PIEZO2 currents evoked

with different membrane displacements at 15e20 min in control group (black square, n Z 5), VCR-treatment group (red circle, n Z 4) and

VCR þ D-GsMTx4 group (grey triangle, n Z 5) of PIEZO2 transfected HEK 293T cells. Data are shown in mean � SEM; #/$/*P < 0.05,
##/$$/**P < 0.01, ###/$$$/***P < 0.001.
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GsMTx4 (10 mmol/L), a specific PIEZO2 channel inhibitor36,
significantly suppressed VCR-induced potentiation of PIEZO2
currents in heterologous expression HEK 293T cells (Fig. 4H and
I).

VCR treatment also led PIEZO2 MA currents to be more easily
activated. The mechanical threshold for evoking PIEZO2 MA
currents was significantly reduced by w45% following VCR
application for 30 min (n Z 8, P < 0.05, Fig. 5A and B). In
contrast, there was no significant change in mechanical threshold
in control group (n Z 16, Fig. 5A and B). We then examined the
onset latency for evoking PIEZO2 MA currents. The latency was
no significant difference between initial time (6.3 � 0.3 ms,
n Z 11) and 30 min following whole-cell configuration
(5.3 � 0.4 ms, n Z 20) in the control group (Fig. 5C and E). In



Figure 5 VCR treatment affected the properties of PIEZO2 MA

currents. (A) Representative traces of PIEZO2 MA currents elicited by

minimum membrane displacements at the initial time and 30 min after

establishing whole-cell mode patch recordings with (VCR) or without

(Cont) intracellular administration of VCR (5 mmol/L). (B) Mechan-

ical thresholds for evoking PIEZO2 MA currents at initial time (solid

bars) and 30 min (open bars) with (VCR) or without (Cont) intra-

cellular administration of VCR. n Z 16 (Cont initial), 16 (Cont

30 min), 9 (VCR initial) and 8 (VCR 30 min), respectively. Repre-

sentative traces of PIEZO2 MA currents elicited by a 7-mm membrane

displacement at the initial time (top) and 30 min (bottom) without

(left, Cont) (C) or with (right, VCR) (D) VCR treatment. The inac-

tivation kinetics were fitted with single exponential function (red line)

and the decay time constants (t) were shown. The interval between

dash lines (bold arrow) show the onset latency for evoking PIEZO2

MA currents. (E) Summary of the latency for evoking PIEZO2 MA

currents at initial time (solid bars) and 30 min (open bars) with (VCR)

or without (Cont) VCR treatment. n Z 11 (Cont initial), 20 (Cont

30 min), 15 (VCR initial) and 8 (VCR 30 min), respectively. (F)

Summary of decay time constants of PIEZO2 MA currents at initial

time (solid bars), 16 min (gray bars) and 30 min (open bars) with

(VCR) or without (Cont) VCR treatment. n Z 39 (Cont initial), 38

(Cont 16 min), 31 (Cont 30 min), 11 (VCR initial), 12 (VCR 16 min)

and 11 (VCR 30 min), respectively. Data are shown in mean � SEM;

*P < 0.05, ***P < 0.001, ns indicates no significant difference.
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contrast, the onset latency in VCR treatment group was signifi-
cantly reduced from 6.6 � 0.7 ms (n Z 15) at initial time to
2.9 � 0.6 ms (n Z 8, P < 0.001) at 30 min (Fig. 5D and E). VCR
treatment also slowed the inactivation kinetics of PIEZO2 MA
currents over time. For example, PIEZO2 MA currents had a
decay time constant (t) of 3.5 � 0.7 ms at initial time (n Z 11)
and it prolonged to 13.2 � 2.8 ms (n Z 11, P < 0.001) at 30 min
after VCR treatment (Fig. 5D and F). In contrast, there were no
significant changes in the decay time constant in control group
(Fig. 5C and F). Taken together, these results demonstrate that
VCR significantly potentiates PIEZO2 MA currents in rat DRG
neurons.
3.5. VCR mimics the effect of osmotic swelling on PIEZO2 MA
currents in DRG neurons

We have previously shown that PIEZO2 MA currents in DRG
neurons are potentiated by osmotic swelling through increasing
SPMT32. We then compared the effects of VCR and osmotic
swelling on cell size and PIEZO2 MA currents in DRG neurons.
Cell diameters were measured after establishing whole-cell mode
patch with hypertonic recording internal solution (420 mOsm) and
isotonic recording solution that contained 5 mmol/L VCR. Similar
to hypertonic internal solution-induced cell swelling, application
of VCR resulted in DRG neuron swelling (Fig. 6A and B). For
example, cell diameters increased by 25.2% (nZ 11, P < 0.01) at
16 min and 35.9% (n Z 10, P < 0.001) at 32 min after treatment
with hypertonic internal solution (Fig. 6A). Similarly, cell di-
ameters significantly increased by 10.3% (n Z 13, P < 0.001) at
16 min and 21.2% (n Z 10, P < 0.001) at 32 min after VCR
treatment (Fig. 6B). Accompanied with the increased cell sizes,
PIEZO2 MA currents were significantly potentiated by hypertonic
internal solution (Fig. 6C and D), furthermore, the potentiation
effects were rapidly abolished when osmotic gradient was
canceled out following the application of hypertonic bath solution
at the osmolarity of 420 mOsm (Fig. 6C and D). Similarly,
accompanied with the cell swelling induced by VCR, PIEZO2
MA currents were significantly enhanced following VCR treat-
ment. Interestingly, the potentiation effect on PIEZO2 MA cur-
rents induced by VCR was abolished following the application of
hypertonic bath solution (420 mOsm) (Fig. 6E and F).

The onset latency of PIEZO2 MA currents was 6.1 � 0.5 ms
(n Z 21) at initial time of establishing the whole-cell mode patch
and significantly shortened to 2.4 � 0.2 ms (nZ 21, P < 0.001) at
30 min by hypertonic internal solution-induced cell swelling
(Fig. 7AandC). Similarly, the onset latencyof PIEZO2MAcurrents
was 5.8� 0.8 ms (nZ 10) at initial time of establishing the whole-
cell mode patch and significantly shortened to 2.9� 0.6 ms (nZ 8,
P < 0.05) at 30 min by VCR treatment (Fig. 7B and C). After
introducing the hypertonic bath solution, the shortened onset la-
tencies are dramatically prolonged to 5.9� 1.1 (nZ 7, P< 0.001)
and 6.0� 0.9 ms (nZ 5, P< 0.01), respectively (Fig. 7AeC). The
decay time constant was 4.9 � 0.5 ms (n Z 15) at initial time of
establishing the whole-cell mode patch and significantly slowed to
29.5� 4.1 ms (nZ 20, P< 0.001) at 30 min by hypertonic internal
solution-induced cell swelling (Fig. 7A and D). Similarly, the decay
time constant was 2.8 � 0.5 ms (n Z 11) at initial time and
significantly slowed to 13.2� 2.8 ms (nZ 11, P< 0.01) at 30 min
byVCR treatment (Fig. 7B andD). After introducing the hypertonic
bath solution, the slowed decay time constants were accelerated to
3.0 � 1.2 (nZ 7, P < 0.001) and 3.6 � 0.6 ms (nZ 5, P < 0.05),
respectively (Fig. 7A, B and D). Taken together, these results sug-
gest that the potentiation of PIEZO2 MA currents in DRG neurons
induced by both VCR and osmotic swelling may share the same
mechanism.

3.6. VCR potentiates PIEZO2 MA currents through increasing
SPMT of DRG neurons

Our previous study has demonstrated that osmotic swelling-induced
potentiation of PIEZO2 MA currents was due to the increased
SPMT in rat DRG neurons32. We then examined whether VCR
treatment affects the SPMTofDRGneurons.Using themicropipette
aspiration method, SPMT of DRG neurons was measured32,33. In
this set of experiments, VCR (5 mmol/L) was delivered



Figure 6 VCR mimicked the effects of osmotic swelling on

PIEZO2 MA currents in DRG neurons. Images (top) and time courses

(bottom) of cell swelling induced by hypertonic internal solution (420

mOsm, n Z 10) (A) and pipette application of VCR (5 mmol/L,

n Z 10) (B) after establishing the whole-cell mode patch recording

over time. The position of the recording electrode and mechanical

stimulation probe are indicated by a white and a black star, respec-

tively. (C) Sample traces show PIEZO2 MA currents at 30 min after

establishing whole-cell mode patch recording with hypertonic internal

solution (420 mOsm). At that time, cells were perfused with isotonic

bath solution (black line) or hypertonic bath solution (420 mOsm,

gray line). Membrane displacement was 7 mm (above). (D) Summary

data of the potentiation of PIEZO2 MA currents over time using

hypertonic internal solution (Hypertonic). In the last 6 min, cells were

perfused with isotonic bath solution (n Z 14) and hypertonic bath

solution (420 mOsm, gray stripe, n Z 5), respectively. (E) Similar to

(C) but the sample traces of PIEZO2 MA currents were recorded using

isotonic internal solution containing 5 mmol/L VCR

(Isotonic þ VCR). (F) Summary data of the potentiation of PIEZO2

MA currents over time using isotonic internal solution contained

5 mmol/L VCR (Isotonic þ VCR). In the last 6 min, cells were

perfused with isotonic bath solution (n Z 10) and hypertonic bath

solution (420 mOsm, gray stripe, nZ 4), respectively. Data are shown

in mean � SEM; *P < 0.05, **P < 0.01, ***/###P < 0.001.

Figure 7 The VCR-induced changes in the properties of PIEZO2

MA currents were reversed by hypertonic bath solution. (A) Repre-

sentative traces of PIEZO2 MA currents elicited by a 6-mm membrane

displacement at 30 min (bottom) after establishing whole-cell mode

patch recording with hypertonic internal solution (420 mOsm) (Hyper-

inside) and isotonic bath solution (left, Iso-bath) or hypertonic bath

solution (right, 420 mOsm) (Hyper-bath). (B) Representative traces of

PIEZO2 MA currents elicited under the same conditions as in (A) but

recorded with isotonic internal solution containing 5 mmol/L

VCR (VCR-inside). In (A) and (B), the onset latency for evoking

PIEZO2MA currents is indicated by dish lines, the inactivation kinetics

are fittedwith a single exponential function (red line) and the decay time

constants (t values) are shown. Insets in the right panels in (A) and (B),

extended scale for the boxed region is shown. Summary data of the la-

tency (C) and decay time constants (t) (D) of PIEZO2 MA currents

under the above conditions are shown.Hypertonic bath solution (Hyper-

bath) reversed the changes in the properties of PIEZO2 MA currents

induced by osmotic swelling (Hyper-inside) and VCR (VCR-inside).

Data are shown inmean� SEM, nZ 21 and 15 (Hyper-inside, Iso-bath,

initial), 21 and 20 (Hyper-inside, Iso-bath, 30 min), 7 and 7 (Hyper-

inside, Hyper-bath, 30min), 10 and 11 (VCR-inside, Iso-bath, initial), 8

and 11 (VCR-inside, Iso-bath, 30min) and 5 and 5 (VCR-inside, Hyper-

bath, 30 min) in (C) and (D), respectively; *P < 0.05, **P < 0.01,

***P < 0.001.
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intracellularly via the whole-cell patch-clamp recording electrode
(Fig. 8A). Under the isotonic condition, SPMTwas 24� 1 mN/mm
(nZ 8) at baseline and did not significantly change over time after
establishing thewhole-cell mode patch (Fig. 8B). In contrast, SPMT
was significantly increased from abaseline SPMTof 23� 1mN/mm
(n Z 8) to 28 � 2 mN/mm at 2.5 min (n Z 8), 39 � 3 mN/mm at
17.5 min (nZ 8, P< 0.05) and 57� 7 mN/mm at 32.5 min (nZ 8,
P < 0.01) after VCR treatment (Fig. 8B). As a positive control,



Figure 8 Increment of SPMT mediated VCR-induced potentiation

of PIEZO2 MA currents in DRG neurons. (A) Model for measuring

SPMT using a micropipette aspiration technique. Stepwise negative

pressures were generated by HSPC and delivered to the micropipette

to aspirate a cell. Parameters needed for calculating membrane tension

based on the YoungeLaplace equation are shown in left panel. Tc,

membrane tension; Rc, cell radius; Pc, intracellular pressure; Pp,

pipette aspiration pressure; Rp, pipette radius; L, length of membrane.

An image shows a DRG neuron whose membranes are being aspirated

into the micropipette (white asterisk). The cell is also patched under

the whole-cell mode patch by a recording electrode (white triangle)

that contains different recording internal solution. (B) The SPMT was

measured over time under the whole-cell mode patch recording with

isotonic internal solution (square, n Z 8), isotonic internal solution
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hypertonic internal solution (420 mOsm)-induced osmotic swelling
significantly increased the SPMTat different time points (Fig. 8B).
Accompanied with the significant increases of SPMT, PIEZO2MA
currents were also gradually increased either following VCR trea-
tment or hypertonic internal solution-induced osmotic swelling
(Fig. 8C).We used CD, a disruptor of actin filament who can reduce
the SPMTof DRG neurons32,37 and we found that CD counteracted
SPMT increment induced either by VCR or by hypertonic internal
solution (Fig. 8D and F). Compared with the VCR group, CD (10
mmol/L) significantly reduced the SPMT values to 21� 2 mN/mm
at 2.5 min (n Z 7, P < 0.05), 13 � 1 mN/mm at 17.5 min (n Z 7,
P < 0.001) and 14 � 1 mN/mm at 32.5 min (n Z 7, P < 0.001),
respectively (Fig. 8D). Consistent with the reduction of SPMT,
VCR-induced potentiation of PIEZO2 MA currents was also
significantly inhibited by CD in DRG neurons (Fig. 8E). As a pos-
itive control, CD counteracted osmotic swelling-induced increment
of SPMTand potentiation of PIEZO2MA currents in DRG neurons
(Fig. 8F andG). Themechanical threshold for evoking PIEZO2MA
currents was 1.3 � 0.2 mm (n Z 8) following VCR treatment for
30 min. When CD was co-applied with VCR for 30 min, the me-
chanical threshold significantly increased to 3.8 � 0.6 mm (n Z 6,
P < 0.001) (Fig. 8H). The onset latency for evoking PIEZO2 MA
currents was 2.9� 0.6ms (nZ 8) with VCR application for 30min,
while it significantly increased to 6.2 � 0.4 ms (n Z 5, P < 0.01)
when CD was co-applied with VCR for 30 min (Fig. 8I). Similarly,
CD counteracted the reduced mechanical threshold and shortened
onset latency that was induced by hypertonic internal solution
(Fig. 8H and I). These results indicate that VCR potentiates PIEZO2
MA currents may be due to increasing SPMT in DRG neurons.

3.7. Disruption but not stabilization of microtubules potentiates
PIEZO2 MA currents in rat DRG neurons

VCR is a commonly used disruptor of microtubules, which pre-
vents tubulin polymerization from soluble dimers. To determine
the role of microtubules in the modulation of PIEZO2 MA cur-
rents, we examined the effects of nocodazole (NDZ) and pacli-
taxel (TAXEL) on PIEZO2 MA currents in cultured rat DRG
neurons. Similar to VCR, NDZ functions as a disruptor of
containing 5 mmol/L VCR (circle, n Z 8) and hypertonic internal

solution (420 mOsm, triangle, n Z 9). BL, baseline before estab-

lishing the whole-cell mode patch. (C) PIEZO2 MA currents were

recorded from DRG neurons over time under the conditions in (B).

n Z 17, 10 and 13, respectively. The SPMT (D) and PIEZO2 MA

currents (E) were measured from DRG neurons over time with (circle,

n Z 7) or without (square, n Z 8) adding 10 mmol/L CD to the

isotonic internal solution containing VCR. The SPMT (F) and

PIEZO2 MA currents (G) were measured from DRG neurons over

time with (circle, n Z 7) or without (square, n Z 9) adding CD

(10 mmol/L) to the hypertonic internal solution. The mechanical

thresholds (H) and the onset latency (I) for evoking PIEZO2 MA

currents at 30 min after establishing whole-cell mode patch recording

with hypertonic internal solution (Hyper), or hypertonic internal so-

lution containing CD (Hyper þ CD), or isotonic internal solution

containing VCR (VCR) or isotonic internal solution containing VCR

and CD (VCR þ CD) were measured. n Z 27 (Hyper), 8

(Hyper þ CD), 8 (VCR) and 6 (VCR þ CD) in (H); nZ 16 (Hyper), 5

(Hyper þ CD), 8 (VCR) and 5 (VCR þ CD) in (I), respectively. Data

are shown in mean � SEM; */#P < 0.05, **/##P < 0.01,
***/###P < 0.001.



Figure 9 Disruption but not stabilization of microtubules potenti-

ated PIEZO2 MA currents in DRG neurons. Sample traces (top) and

time courses (bottom) of PIEZO2 MA currents evoked by a 7-mm

membrane displacement after establishing whole-cell mode patch

recording with isotonic internal solution containing 5 mmol/L NDZ

(A) or 1 mmol/L TAXEL (B) over time. In the top panels in (A) and

(B), the traces of PIEZO2 MA currents at the initial time and 30 min

are indicated with black line and gray line, respectively. n Z 14

(Isotonic) and 8 (Isotonic þ NDZ) in (A); n Z 13 (Isotonic) and 9

(Isotonic þ TAXEL) in (B), respectively. The mechanical thresholds

(C) and the onset latency (D) for evoking PIEZO2 MA currents at

initial time (solid bars) and 30 min (open bars) after establishing

whole-cell mode patch recording with isotonic internal solution

(Cont), or isotonic internal solution containing NDZ (NDZ) or

isotonic internal solution containing TAXEL (TAXEL) were

measured. n Z 9 (Cont initial), 7 (Cont 30 min); n Z 9 and 9 (NDZ

initial), 6 and 8 (NDZ 30 min), 11 and 9 (TAXEL initial) and 6 and 8

(TAXEL 30 min) in (C) and (D), respectively. (E) The SPMT was

measured over time among the above 3 groups of DRG neurons

(square, Cont, n Z 11; circle, NDZ, n Z 8; and triangle, TAXEL,

n Z 8). BL, baseline before establishing the whole-cell mode patch.

Data are shown in mean � SEM; *P < 0.05, **P < 0.01,

***P < 0.001.
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microtubules, while TAXEL functions as a stabilizer of microtu-
bules37,38. NDZ (5 mmol/L) or TAXEL (1 mmol/L) were directly
administrated into DRG neurons through the isotonic recording
pipette solution. The amplitude of PIEZO2 MA currents was
gradually but significantly increased following NDZ application
(Fig. 9A). For example, following NDZ treatment the amplitudes
of PIEZO2 MA currents increased to 2.4-fold (nZ 8, P < 0.01) at
18 min, 3.8-fold (n Z 8, P < 0.001) at 24 min and about 7.1-fold
(n Z 8, P < 0.01) at 30 min (Fig. 9A). Whereas, following
TAXEL treatment the PIEZO2 MA currents in DRG neurons did
not significantly change over time compared with control group
(Fig. 9B). NDZ treatment resulted in a significant reduction of
mechanical threshold for evoking PIEZO2 MA currents from
2.6 � 0.2 mm (n Z 9) at initial time to 1.2 � 0.2 mm (n Z 6,
P < 0.01) at 30 min in DRG neurons (Fig. 9C). In contrast, there
was no significant difference in mechanical threshold between
initial time (2.7 � 0.4 mm, n Z 11) and 30 min (2.6 � 0.2 mm,
n Z 6; P > 0.05) following TAXEL application (Fig. 9C).
Similarly, following NDZ treatment the onset latency was short-
ened from 6.0 � 0.4 ms (n Z 9) at initial time to 2.7 � 0.4 ms
(n Z 8, P < 0.001) at 30 min (Fig. 9D). In contrast, TAXEL
treatment did not change the onset latency over time
(6.2 � 0.5 ms, n Z 9, initial time vs. 5.2 � 0.5, n Z 8, 30 min;
P > 0.05) (Fig. 9D). Furthermore, we found that the SPMT
significantly increased to 31 � 1 mN/mm (n Z 8, P < 0.001) at
17.5 min and 46 � 3 mN/mm (nZ 8, P < 0.001) at 32.5 min from
the baseline of 23 � 6 mN/mm (n Z 8) following NDZ treatment
(Fig. 9E). While TAXEL treatment did not induce any obvious
changes in the SPMT of DRG neurons over time (Fig. 9E). Be
consistent with the effects on PIEZO2 MA currents, NDZ but not
TAXEL induced DRG neurons small but significant cell swelling
by measuring their diameters (Supporting Information Fig. S4).
These results indicate that disruption but not stabilization of mi-
crotubules would increase the SPMT hence potentiate PIEZO2
MA currents in rat DRG neurons.

Noticing that these chemotherapeutic drugs were usually on
the basis of extracellular administration in clinic, we then exam-
ined the effects of VCR, NDZ and TAXEL on PIEZO2 MA cur-
rents in DRG neurons through extracellular application. Similarly,
incubation of DRG neurons with VCR (5 mmol/L) or NDZ
(5 mmol/L) for 1 h, PIEZO2 MA currents were dramatically
potentiated, while incubation of TAXEL (1 and 5 mmol/L) for 1 h
showed no effects on PIEZO2 MA currents in DRG neurons
(Supporting Information Fig. S5). Taken together, these results
further determined the potentiation effects of VCR on PIEZO2
MA currents. We also examined the effects of VCR, NDZ and
TAXEL on PIEZO2 expression in DRGs. As shown in Supporting
Information Fig. S6, incubation of DRGs for 1 h by VCR
significantly reduced the expression of PIEZO2 while 1 h incu-
bation with NDZ or TAXEL showed no significant changes in
PIEZO2 expression (Supporting Information Fig. S6A and S6B).
Interestingly, incubation of DRGs with hypotonic solution (220
mOsm) for 30 min significantly increased the expression of
PIEZO2 (Fig. S6C and S6D), which was consistent with the effect
of hypotonic solution potentiating PIEZO2 MA currents through
enhancing SPMT in DRG neurons32.

3.8. DRG neurons of VCR-induced neuropathic pain rats show
potentiated PIEZO2 MA currents and elevated SPMT

We next recorded PIEZO2 MA currents from acutely dissociated
DRG neurons of VCR-induced neuropathic pain model rats. We
also measured the SPMT of these DRG neurons to determine
whether rats treated with VCR will result in a change of SPMT in
their DRG neurons. We found that DRG neurons from VCR-pain
model rats have larger PIEZO2 MA currents in comparison with
those of control groups (Fig. 10A and B). For example, tested with
a 7-mm membrane displacement, the PIEZO2 MA current density
showed w4-fold higher in DRG neurons of VCR-pain model rats
than those of control group (Fig. 10A and B). Incubated the DRG
neurons of VCR-pain model rats with CD, their PIEZO2 MA
currents could be greatly reduced to control level (Fig. 10A and
B). In addition, DRG neurons from VCR-pain model rats have



Figure 10 VCR-induced pain model rats showed potentiated PIEZO2 MA currents and elevated SPMT in their DRG neurons. (A) Three

sample traces showed the PIEZO2 MA currents evoked by a 7-mm membrane displacement in DRG neurons of control rats (left), VCR-induced

pain model rats (middle) and VCR-pain model rats but their neurons were incubated with 10 mmol/L CD for 3 h (right), respectively. (B) Summary

data of the PIEZO2 MA current densities in the above three groups of DRG neurons (n Z 14, 11 and 7, respectively). (C) The decay time

constants of PIEZO2 MA currents were measured from the above three groups of DRG neurons (n Z 7, 6 and 6, respectively) at different

membrane displacement stimulus (5- to 8-mm). The mechanical thresholds (D) and the SPMT (E) were measured among the above three groups of

DRG neurons. VCR-induced pain model rats showed potentiated PIEZO2 MA currents and elevated SPMT in their DRG neurons and these could

be reduced by CD. n Z 15, 10 and 7 in (D); n Z 16, 9 and 11 in (E), respectively. Data are shown in mean � SEM; */#P < 0.05, **P < 0.01,
***/###P < 0.001.
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significantly slower decay time constants in comparison with that
of control rats (Fig. 10C). For example, they have a slow decay
time constant of 35.9 � 11.7 ms (n Z 6), which was slower than
that of 6.4 � 2.1 ms (n Z 7, P < 0.05) in control group when the
DRG neurons were tested with a 7-mm membrane displacement
(Fig. 10C). Incubated the DRG neurons of VCR-pain model rats
with CD, the decay time constants were significantly reduced to
control levels (e.g., 4.8 � 0.4 ms, n Z 6, P < 0.05; 7-mm
membrane displacement) (Fig. 10C). Tested with 7-mm membrane
displacement stimulation, the mechanical threshold for evoking
PIEZO2 MA currents in DRG neurons of VCR-pain model rats
was 1.8 � 0.4 mm (n Z 10), which was significantly lower than
that of control group (3.7 � 0.3 mm, n Z 15; P < 0.001). Incu-
bation of these DRG neurons with CD significantly decreased the
mechanical threshold to 3.0 � 0.3 mm (n Z 7, P < 0.05)
(Fig. 10D). Consistently, DRG neurons from VCR-pain model rats
had a significantly higher SPMT (68 � 3 mN/mm, n Z 9,
P < 0.001) compared with that of control group (24 � 2 mN/mm,
n Z 16). The SPMT of the DRG neurons from VCR-pain model
rats was significantly reduced (22 � 2 mN/mm, n Z 11,
P < 0.001) when these DRG neurons were incubated with CD
(Fig. 10E).

4. Discussion

The major findings of the present study are as follows: i) VCR
dramatically potentiates PIEZO2 MA currents through increasing
SPMT in rat DRG neurons; ii) Reduction of SPMT, or knocking
down the expression of PIEZO2 channel, or blocking PIEZO2 MA
channel activities, significantly suppresses VCR-induced me-
chanical allodynia and hyperalgesia; iii) VCR-induced potentia-
tion of PIEZO2 MA currents in rat DRG neurons is not due to the
elevated expression of PIEZO2. The present study has shown that
VCR-induced potentiation of PIEZO2 MA currents through
increasing SPMT in DRG neurons may play an essential role in
mediating VCR-induced mechanical hypersensitivity. These
findings may also have several clinical implications. First,
PIEZO2 may potentially serve as a therapeutic target for elimi-
nating VCR-induced mechanical hypersensitivity. Second, the
reduction of SPMT may use as an alternative option to eliminate
VCR-induced mechanical hypersensitivity under the condition
that no selective and safe inhibitor of PIEZO2 channel has been
found yet. Third, the development of small molecules that selec-
tively inhibit PIEZO2 may be a useful pharmacological inter-
vention for the treatment of VCR-induced mechanical
hypersensitivity.

One key observation in the present study is that the potentiation
of PIEZO2 MA channel activity contributes to VCR-induced me-
chanical hypersensitivity. Either inhibition of PIEZO2 channel by
Gd3þ or focal knockdown of PIEZO2 in DRG neurons by shRNA
interference eliminated VCR-induced mechanical allodynia and
hyperalgesia. Furthermore, sensory neuron-specific knockdown of
PIEZO2 significantly increased the touch threshold. PIEZO2 rather
than acid-sensing ion channels or transient receptor potential
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channels as bona fide class of mammalian MA channel that
dominantly expressed in primary sensory neurons and cutaneous
Merkel cells. It has been confirmed that PIEZO2 is essentially
required for the formation of gentle touch sensation16,21e24. In
sensory neurons, PIEZO2 mediating RA MA currents is expressed
in more than 95% of low-threshold mechanoreceptors, w90% of
isolectin B4-positive non-peptidergic nociceptors, w70% of calci-
tonin gene-related peptide-positive peptidergic nociceptors, and
76% of high-threshold mechanoreceptors16,25,39. In addition,
PIEZO2 also mediates intermediately adapting even slowly adapt-
ing MA currents in nociceptive DRG neurons when they are sub-
jected to nerve growth factor treatment, although in normal
condition these nicotinic acetylcholine receptor subunit alpha-3-
positive nociceptive DRG neurons expressing PIEZO2 are
“silence” to mechanical stimulation40. These previous studies have
shown that PIEZO2 extensively distributes in sensory neurons and
actively responds to inflammatory conditions. Studies on either
sensory neuron-specific PIEZO2 knockout mice or human patients
with loss of function mutations in PIEZO2 gene have demonstrated
that inhibition of PIEZO2 results in gentle touch impaired, loss of
two points discrimination and suppression of peripheral nerve
injury-induced mechanical allodynia and hyperalgesia22,27e29.
Focal knockdown of DRG PIEZO2 by antisense, not only sup-
presses peripheral nerve damage-induced mechanical allodynia but
also increases the touch threshold41. Combined with our observa-
tion, these studies strongly suggest that PIEZO2 may account for
the light touch sensation in physiology and mechanical hypersen-
sitivity in pathology, respectively. However, Zhang et al.25

described more recently that DRG neurons-conditional knockout
of PIEZO2 induced downregulation of nociceptive withdrawal
threshold, which indicates that PIEZO2 may have a role in sup-
pression of mechanical pain (mechanical hyperalgesia determined
by RandalleSelitto test). One possibility is that PIEZO2-mediated
touch may suppress pressure-induced mechanical hyperalgesia
under normal condition but great potentiation of PIEZO2 MA
channel activity under pathological conditions such as inflammation
or nerve injury may mediate or sensitize mechanical hyper-
algesia29,40. In the present study, knockdown of PIEZO2 by shRNA
interference significantly elevates the thresholds in von Frey test
while showing no changes in nociceptive thresholds in
RandalleSelitto test when compared to the normal level. Knock-
down of PIEZO2 certainly inhibits its role, as the light touch re-
ceptor22,23,25, resulting in touch retardation so the thresholds are
increased to high level even overcome the effects of VCR. Whereas
knockdown of PIEZO2 also relieves its role in suppression of
mechanical pain (RandalleSelitto model)25 so the nociceptive
thresholds should not be increased or be even decreased. To date,
the nociceptive mechanoreceptors (pressure receptors) have not
been clearly determined. Further researches for the identification of
the molecular basis of nociceptive mechanoreceptors and its func-
tional modulation are required in the future.

Another key observation in the present study is that increasing
SPMTof DRG neurons may mediate VCR-induced potentiation of
PIEZO2 MA currents and mechanical hypersensitivity. Membrane
tension model (force-from-lipids model) played a key role in
modulation of MA channels including PIEZO channels17,18.
Stomatin-like protein 3 (STOML3) was reported to interact with
PIEZO2 channel and facilitate PIEZO2 MA currents in co-
expressing heterologous system42,43. STOML3 facilitating
PIEZO2 MA currents is due to increasing membrane tension by
recruiting membrane cholesterol42,43. Our previous study provided
further evidence that osmotic swelling remarkably potentiated
PIEZO2 MA currents through increasing SPMT in rat DRG
neurons32. Reduction of SPMT by CD, not only reduced the os-
motic swelling-induced potentiation of PIEZO2 MA currents in
rat DRG neurons but also eliminated the osmotic swelling-induced
mechanical hypersensitivity in rats32. Similar to the swelling ef-
fect on DRG neurons produced by intracellular hypertonic os-
molarity, VCR application also induced swelling of DRG neurons
in the present study. This notion has been supported by previous
observations that VCR significantly induced swelling of primary
afferent axon as well as sensory neurons in spinal ganglion44,45.
Besides, either VCR-treated DRG neurons or DRG neurons iso-
lated from VCR-pain model rats, have a significantly high level of
SPMT. Reduction of SPMTof DRG neurons by CD, or application
of hypertonic bath solution to reverse the osmotic gradient be-
tween intracellular and extracellular sides of DRG neurons, both
abolished VCR-induced potentiation of PIEZO2 MA currents.
More importantly, CD treatment eliminated VCR-induced me-
chanical hypersensitivity. These findings strongly support that the
possible mechanism of VCR-induced potentiation of PIEZO2 MA
currents through increasing SPMT of DRG neurons, which plays a
crucial role in mediating VCR-induced mechanical allodynia and
hyperalgesia. On the other hand, the possibility of tether proteins
model (force-from-filaments model)17 in the modulation of
PIEZO2 MA channel cannot be completely excluded. For
example, STOML3 is expressed in sensory neurons of mammals.
It is a mammalian homologue of MEC-2, a tether protein that link
MA channel to the cytoskeleton in Caenorhabditis elegans46,47.
RA MA channel in DRG neurons was reported to be linked to the
extracellular matrix through a w100 nm length protein filament48.
Further investigation into the possibility of PIEZO2 linking with
tether proteins is required.

The present study mentioned the possibility that VCR may
induce PIEZO2 trafficking from cytoplasm to the membrane in
DRG neurons. If this idea holds true, it could be another possible
mechanism by which VCR potentiated PIEZO2 MA currents.
Then, immunostaining assay was performed to test this pre-
liminary idea. We first measured the IF of PIEZO2 in DRG
sections in VCR-pain model rats and control rats. Indeed, the IF
of PIEZO2 was uniformly distributed in DRG neurons in control
rats, whereas the PIEZO2 IF was concentrated in cell membrane
but relatively reduced in cytoplasm in DRG neurons in VCR-
pain model rats (Supporting Information Fig. S7A). The PIEZO2
IF ratio of cell membrane to cytoplasm was significantly
increased in VCR-pain model rats than that in control rats
(Fig. S7B). We then measured the PIEZO2 IF in VCR-treated
cultured DRG neurons with immunostaining assay. Incubation
of VCR (5 mmol/L) for 1 h induced obvious membrane traf-
ficking in cultured DRG neurons (Fig. S7C). The IF of PIEZO2
along a line which crossed the cell showed an increase in
membrane but a decrease in cytoplasm (Fig. S7C and S7D).
While the PIEZO2 IF along the crossing line over cells was
stable and uniform in cell membrane and cytoplasm in control
DRG neurons (Fig. S7C and S7D). Hence, VCR-induced mem-
brane trafficking of PIEZO2 may be contributed to VCR-induced
potentiation of PIEZO2 currents in DRG neurons. Here we just
discussed the preliminary idea and data of VCR-induced mem-
brane trafficking of PIEZO2. To verify this mechanism, further
investigation is needed in the future.

Several cytoskeleton-targeting agents used in the present study
determined the contribution of cytoskeleton to membrane tension
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and PIEZO2 MA current modulation. To our surprise, VCR or
NDZ enhances SPMT hence potentiates PIEZO2 MA currents in
rat DRG neurons. In contrast, TAXEL functioning as the stabilizer
of microtubules has no effect on SPMT and PIEZO2 MA currents.
It has been shown in previous studies that CD significantly reduces
SPMT and inhibits PIEZO2 MA currents by disrupting actin fil-
aments in rat DRG neurons32,49. CD also reduces the VCR-
induced enhancement of SPMT and PIEZO2 MA currents in the
present study. These data intensively indicate that
membraneecytoskeleton interaction significantly contributes to
plasma membrane mechanics and PIEZO2 MA current modula-
tion. The effect of CD on SPMT has been reported previously49,50.
However, the effect of microtubules disruptor VCR or NDZ on
SPMT in the present study is somehow inconsistent with previous
studies. For example, VCR markedly increased the deformability
of human platelets which was evaluated by micropipette aspira-
tion51; NDZ significantly increased the tether length of chick
embryo fibroblasts or T3 fibroblasts which was measured by Laser
tweezers manipulation49. These results indicate that VCR or NDZ
has the potential function of reducing membrane tension, although
direct evidence is lacking. An analogue of VCR, vinblastine
increased membrane tension by 40% in HeLa cells which were
measured by Laser tweezers manipulation52. But vinblastine was
used at a very low concentration of 2 nmol/L that only arrest cell
cycle without causing depolymerization of microtubules52. Be-
sides, previous studies have shown the opposite effects of VCR
and TAXEL on PIEZO2 MA currents in mouse Merkel cells53,54.
Combined with the effects of VCR on cell size and swelling in the
present study and previous study45, further research about the
different effects of microtubule modulators on membrane me-
chanics and PIEZO2 MA currents in different cells and the un-
derlying mechanisms are necessary.

5. Conclusions

We propose a hypothesis that VCR application leads to the
swelling of DRG neurons and increasing their SPMT, which re-
sults in the potentiation of PIEZO2 MA currents thereby mediates
VCR-induced mechanical hypersensitivity. Our findings strongly
suggest that PIEZO2 may serve as a novel therapeutic target for
relieving VCR-induced mechanical neuropathy.
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