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Abstract

Mechanically activated Piezo2 channels are key players in
somatosensory touch, but their regulation by cellular signaling
pathways is poorly understood. Dorsal root ganglion (DRG)
neurons express a variety of G-protein-coupled receptors that
modulate the function of sensory ion channels. Gi-coupled recep-
tors are generally considered inhibitory, as they usually decrease
excitability. Paradoxically, activation of Gi-coupled receptors in
DRG neurons sometimes induces mechanical hypersensitivity, the
mechanism of which is not well understood. Here, we find that
activation of Gi-coupled receptors potentiates mechanically acti-
vated currents in DRG neurons and heterologously expressed
Piezo2 channels, but inhibits Piezol currents in heterologous
systems in a GPy-dependent manner. Pharmacological inhibition
of kinases downstream of Gpy, phosphoinositide 3-kinase (PI3K)
and mitogen-activated protein kinase (MAPK) also abolishes the
potentiation of Piezo2 currents. Local injection of sumatriptan,
an agonist of the Gi-coupled serotonin 1B/1D receptors, increases
mechanical sensitivity in mice, and the effect is abolished by
inhibiting PI3K and MAPK. Hence, our studies illustrate an indi-
rect mechanism of action of GPy to sensitize Piezo2 currents
and alter mechanosensitivity after activation of Gi-coupled
receptors.
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Introduction

Our ability to sense environmental cues is vital for our daily
activities. Our tactile world relies on a wide variety of mechano-
sensory neurons that innervate our skin and are responsible for
sensing innocuous and painful stimuli attributed to low-threshold
mechanoreceptors (LTMRs) and nociceptors, respectively. These
neurons detect external mechanical stimuli and convert them into

ionic currents using mechano-gated ion channels, including the
excitatory Piezo2 non-selective cation channels and the inhibitory
K* selective TREK1 and TREK2 channels [1,2]. Piezo2 channels
are intrinsically gated by force and mediate rapidly adapting
mechanically activated (MA) currents in dorsal root ganglion
(DRG) neurons and when heterologously expressed. Reports have
shown that Piezo2 channels play a pivotal role in the detection of
light touch, proprioception, and mechanical pain in mice and
humans [3-9]. In addition, these channels are essential regulators
of embryonic development, lung expansion, reverse polarity
currents of auditory hair cells, Merkel cell mechanotransduction,
baroreception, and itch [10-15]. Despite the substantial progress
in describing the physiological importance of Piezo2, little is
known about how endogenous signaling pathways modulate the
activity of these channels.

Dorsal root ganglion neurons express a wide variety of G-
protein-coupled receptors. Gs- and Gg-coupled receptors generally
increase excitability of DRG neurons, and many of them are acti-
vated by inflammatory mediators such as prostaglandins and brady-
kinin. Activation of the Gg-coupled bradykinin receptor B2 was
shown to sensitize Piezo2 currents in heterologous systems and in
DRG neurons through a mechanism involving the activation of PKA
and PKC, an effect that may play a role in inflammatory mechanical
allodynia [16].

Whether the activation of Gi-coupled receptors influences the
activity of Piezo2 channels has not been studied yet. Activation of
Gi-coupled receptors leads to inhibition of adenylate cyclase, activa-
tion of G-protein-coupled inwardly rectifying K* (GIRK) channels,
and inhibition of voltage-gated Ca** channels (VGCC) and of tran-
sient receptor potential melastatin 3 (TRPM3) channels in DRG
neurons through direct binding of GBy [17-21]. In addition, Gy is
also known to induce the activation of phosphoinositide 3-kinase
gamma (PI3K) and mitogen-activated protein kinase (MAPK)
enzymes [22-25].

Many different Gi-coupled receptors, such as GABAg, and opioid
receptors are expressed in DRG neurons; their activation generally
reduces excitability and exerts analgesic effects [26]. Activation of
many Gi-coupled receptors however was also shown to induce
mechanical hypersensitivity, the mechanism of which is not well
understood [26-28].
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Here, we found that activation of Gi-coupled receptors potenti-
ated native MA currents in DRG neurons and the activity of
heterologously expressed Piezo2 channels in HEK293 cells without
affecting the number of channels at the plasma membrane.
Surprisingly, the currents of the closely related Piezol channels
were inhibited after activation of Gi-coupled receptors in HEK293
cells. The potentiation of Piezo2 and inhibition of Piezol currents
were abolished when blocking GPy. Furthermore, inhibition of
PI3K and MAPK also abolished the potentiation of Piezo2
currents. Our behavioral studies also show that local injection of
sumatriptan an agonist of the Gi-coupled serotonin 1B/1D (Htrlb
and Htrld) receptors increased sensitivity to mechanical stimuli
using von Frey filaments, an assay that was shown to depend on
Piezo2 channels [3]. This increase in mechanosensitivity was also
abolished when blocking PI3K and MAPK enzymes. In conclu-
sion, our data show that activation of Gi-coupled receptors poten-
tiates Piezo2 currents and Piezo2-mediated touch sensitivity
through a mechanism potentially involving a GBy-dependent PI3K
and MAPK activation.

Results and Discussion

GABA; receptor activation potentiates native MA currents in
DRG neurons

At the RNA level, GABAg receptors are the highest expressing
Gi-coupled receptors in DRG neurons [29,30]. Therefore, we tested
if activation of GABAg receptors could influence the activity of MA
currents in DRG neurons. We mechanically stimulated, with a
blunt glass probe, large diameter DRG neurons (cell capaci-
tance > 40 pF), which are most likely mechanoreceptors [31], and
correspond to the NF1-NF5 neuronal population, which expresses
Piezo2 at the RNA level in ~ 90% of the cells [30]. First, we repet-
itively applied short mechanical stimuli of the same amplitude
every 30 s, and we activated GABAg receptors by applying 25 pM
baclofen. Baclofen application potentiated MA currents in 50% of
neurons tested (Fig 1B and C). In control experiments, neurons
treated with vehicle only, we did not observe current potentiation
(Fig 1A and C).

We also measured MA currents using a 2—6 um step protocol, in
which we increased the displacement of the glass probe every 15 s
by 0.4 um. After recording the basal MA currents, the cells were
treated with 25 uM baclofen for 3 min and MA currents were re-
recorded for comparison in the continuous presence of baclofen. As
expected, activation of GABAg receptors also potentiated MA
currents almost twofold (Fig 1D-F) in 59% of the neurons and had
no effect in 41% of DRG neurons tested (Fig 1G) probably because
not every DRG neuron co-expresses GABAg; and GABAg, receptors
and the obligatory heterodimerization of these receptors is required
for proper G-protein signaling [26,32]. In both protocols, baclofen-
induced potentiation was long lasting and persisted for several
minutes after removal of the agonist (Fig 1B, C and F, dashed line).

The kinetics of inactivation of responding cells was somewhat
slower after baclofen application (Fig 1H), but not in neurons that
did not respond to baclofen with an increase in current amplitude
(Fig 1I). Approximately 36% of the neurons we tested responded to
mechanical stimulation with transient inward currents; the average
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inactivation time constant was 18.10 + 1.61 ms in baclofen respon-
sive neurons and 20.86 + 1.91 ms in baclofen non-responsive
neurons. In all responsive neurons, the currents decayed to zero by
the end of the 200-ms mechanical stimulation.

Dorsal root ganglion neurons display MA currents with different
inactivation kinetics that are usually categorized as rapidly adapt-
ing (RA), intermediate adapting (IA), and slowly adapting (SA),
with RA currents displayed in more than 50% of the neurons
responding to mechanical stimulation [3]. Piezo2 has been shown
to mediate RA currents, and currently, there is no knowledge on
the molecular counterparts of IA and SA currents. The average
inactivation time constant of MA currents in our experiments in
DRG neurons is similar to the inactivation time constant of RA
currents in DRG neurons in our earlier study [33], but it is slower
than the < 10 ms used in other publications for example in refer-
ence [1]. The inactivation time constant of both recombinant
Piezo2 [34,35] and Piezol currents [35,36] shows substantial vari-
ability between different studies. The finding that the inactivation
time constant of MA currents in DRG neurons and in HEK cells
transfected with Piezo2 (see next paragraph) was very similar in
our experiments suggests that most MA currents we recorded in
DRG neurons were mediated by Piezo2. It cannot be excluded,
however, that other MA channels in some neurons contributed to
the responses to baclofen or that other MA channels were respon-
sible for lack of responsiveness to receptor stimulation in some
neurons.

GABA; receptor activation potentiates Piezo2 currents in a
heterologous system

To determine whether the potentiation of MA currents was specific
to Piezo2 channels, we co-expressed Piezo2 and GABAg; and
GABAg, receptors in HEK293 cells. Using the same step protocol as
in DRG neurons, we recorded Piezo2 currents in these cells (Fig 2).
Similar to DRG neurons, the currents evoked in Piezo2-transfected
HEK293 cells fully decayed by the end of the 200-ms mechanical
stimulation, with an inactivation time constant of 18.5 + 1.2 ms
(Fig 2D), which is very similar to that we observed in DRG neurons
(Fig 1H and I). In HEK293 cells transfected with GFP only, the same
mechanical stimulation did not evoke any currents (Fig EV1), which
indicates that the MA currents we measured in Piezo2-transfected
HEK293 cells were mediated by Piezo2.

When we applied the GABAg receptor agonist baclofen (25 pM)
for 3 min, and re-recorded MA currents in the continuous presence
of the drug, Piezo2 current amplitudes increased approximately
twofold (Fig 2A-C). There was no statistically significant difference
in the kinetics of inactivation of Piezo2 currents after baclofen appli-
cation (Fig 2D). Piezo2 currents recorded from HEK293 cells trans-
fected with only Piezo2 were not potentiated by baclofen treatment,
showing that baclofen exerted its potentiating effect via the activa-
tion of GABAg receptors (Fig 2E).

GABAg receptor activation potentiates Piezo2 currents via Gfy
Activation of Gi-coupled receptors leads to dissociation of the
G-proteins Gai and GBy. The Gai subunit inhibits adenylate cyclase,

while Gy inhibits neuronal activity through activation of GIRK
channels [37] and VGCC [38]. To test whether Piezo2 potentiation

© 2020 The Authors
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Figure 1. GABAg receptor activation potentiates MA currents in DRG neurons.

A B

Representative MA currents recorded in whole-cell patch-clamp experiments at —60 mV in large DRG neurons in response to repetitive mechanical indentations with a
blunt glass probe; experiments were performed as described in the Materials and methods section. The applications of 25 uM baclofen (B) or vehicle (A) are indicated by
the red horizontal lines. The downward spikes represent individual MA currents induced by repetitive, 200 ms long mechanical stimuli every 30 s.

Quantification of normalized MA current amplitudes from DRG neurons, vehicle (white, n = 7), neurons responding to baclofen (R, red; n = 6, **P < 0.01, paired
t-test), and non-responding DRG neurons (NR, blue, n = 6). Striped column shows the average normalized current amplitudes 3-10 min after removal of baclofen
in responding neurons (washout; n = 6). Data are shown as mean £ SEM and scatter plots.

Representative MA currents recorded at —60 mV in large DRG neurons in response to repetitive mechanical stimulation with a blunt glass probe displaced 2-6 pm
in 0.4-um increments every 15 s (step protocol) before (black) and after (red) exposure to 25 uM Baclofen. Not every trace is shown for clarity. Inset above the
current traces shows the mechanical step protocol indicating the displacement of the mechanical probe.

Quantification of normalized MA currents of responding large DRG neurons (n = 13, *P < 0.05, **P < 0.01, ***P < 0.001) before (black) and after (red) baclofen
treatment. Dashed gray line shows average MA currents 3-15 min after washout of baclofen. Repeated-measures ANOVA with Student’s t-test no corrections was
used to compare baseline and baclofen treatment. Data are shown as mean + SEM.

Quantification of normalized MA currents of non-responding DRG neurons (n = 9). Data are shown as mean + SEM.

Quantification of MA current inactivation rate (Tau) measured for responding (R) large DRG neurons (n = 13, **P < 0.01, paired t-test) and non-responding (NR)
large DRG neurons (n = 9, NS, not significant) before (gray) and after (red) baclofen application. Data are shown as mean + SEM and scatter plots.

requires Gy, we co-transfected HEK293 cells with Piezo2 channels, Activation of other Gi-coupled receptors also potentiates MA
GABAg receptors, and the c-terminal domain of the B-adrenergic currents in DRG neurons and Piezo2 currents in a heterologous
receptor kinase (BARKct), which is known to block the effects of system

GPBy [19,38]. Co-transfection of BARKct abolished the potentiation of

Piezo2 currents after activation of GABAg receptors by baclofen Next, we tested whether potentiation of Piezo2 currents was caused
(Fig 2F), indicating the involvement of Gfy. by a general Gi-coupled receptor mechanism, or one specific to
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Figure 2. GABAg receptor activation potentiates Piezo2 currents in a heterologous system via Gfy.
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A, B Representative MA currents recorded in whole-cell patch-clamp experiments at -60 mV in HEK293 cells transiently transfected with

E F

GABAg receptors, as it was reported for the inhibition of the sensi-
tized state of TRPV1 channels [39]. We transfected HEK293 cells
with Piezo2 channels and the Gi-coupled D2 dopamine receptors,
and we found that the D2/D3 agonist quinpirole (200 nM) potenti-
ated Piezo2 currents (Fig 3A). Cells transfected with only Piezo2 did
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Piezo2 + CABAg; + GABAg, + GFP (for visualization) in response to repetitive mechanical stimulation with a blunt glass probe displaced 2-5.6 pum in 0.4-pum
increments every 15 s before (black) and after (red) exposure to 25 uM baclofen. Not every trace is shown for clarity.

Quantification of normalized MA currents of HEK293 cells transfected with Piezo2 + GABAg; + GABAg, + GFP (n = 13, *P < 0.05, **P < 0.01, before [black] and after
[red] baclofen treatment, repeated-measures ANOVA with Student’s t-test no corrections). Data are shown as mean + SEM.

Quantification of MA current inactivation rate (Tau) in HEK293 cells transfected with Piezo2 + GABAg; + GABAg, + GFP before (gray) and after (red) baclofen
application (n = 13, NS, not significant; paired t-test). Data are shown as mean + SEM and scatter plots.

Quantification of normalized MA currents of HEK293 cells transfected with Piezo2 + GFP (E, n = 7) and Piezo2 + GABAg; + GABAg, + BARKct-mCherry (F, n = 8)
before (black) and after (red) application of 25 pM baclofen. Data are shown as mean + SEM.

not show any MA current potentiation after quinpirole treatment

(Fig 3B), indicating the role of D2 receptor activation. Quinpirole

had no effect on the inactivation time constant of Piezo 2 current

(Fig 3C). These findings imply that the effect of Piezo2 current

potentiation is a general Gi-coupled receptor-dependent mechanism.

© 2020 The Authors
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Our ability to reconstitute Gi-coupled receptor potentiation of Piezo2
in a heterologous system also indicates that the effect does not
depend on DRG neuron-specific proteins, rather it is mediated by
Gi-signaling pathway components, which are present in HEK293
cells.

The Gi-coupled serotonin receptor 1D (Htrld) is also highly
expressed in large diameter DRG neurons [30]. We measured MA
currents from these DRG neurons and treated them with 10 uM of
sumatriptan an agonist of Htrld and Htrlb serotonin receptors, a
clinically used medication against migraine. Sumatriptan potentiated
MA currents in 63% of DRG neurons, while in 37% of the neurons
it did not (Fig 3D and E). Sumatriptan induced a small increase in
the inactivation time constant of MA currents, but this effect did not
reach statistical significance (Fig 3F).

It was reported that on the RNA level 71% of the large NF1-NF5
DRG neurons co-express Htrld and Piezo2 and 41.7% co-express
Piezo2 and GABAg; and GABAg, receptors [30]. The NFI1-NF5 cell
population likely corresponds to the large neurons we patched, and
the numbers are comparable with the responsiveness of the neurons
to baclofen and sumatriptan in our work.

To test whether GPy is sufficient for potentiation, we introduced
Gy into the intracellular solution in the whole-cell patch pipette
and measured MA currents in DRG neurons immediately after
establishment of the whole-cell mode and 6 min later. MA currents
were significantly enhanced after 6 min in neurons dialyzed with
GBy (Fig 3G), but not in neurons where Gfy was omitted from the
patch pipette solution (Fig 3H). The inactivation time constant at
the end of the experiment was higher than the one measured at
the beginning in neurons dialyzed with GBy (Fig 3I), but not in
neurons without Gy (Fig 3J).

These data indicate that GPy is sufficient to modulate the activity
of Piezo2 currents. While the contribution of Gai-dependent mecha-
nisms cannot be excluded, their involvement is unlikely as Gai is
known to inhibit the activity of adenylate cyclase, an enzyme that
induces potentiation of Piezo2 currents when activated by
inflammatory mediators [16].

The inactivation time constant became longer after baclofen
treatment in DRG neurons (Fig 1H), but not in HEK293 cells
(Fig 2D). This effect was relatively small, and while it was repro-
duced by Gy dialysis (Fig 3I), the effect of sumatriptan was not
statistically significant on the inactivation time constant in DRG
neurons (Fig 3F). This minor difference between HEK cells and DRG
neurons may be caused by a number of factors, including potential
auxiliary proteins present in DRG neurons but not in HEK cells, as
well as differences in cell membrane mechanical properties or lipid
composition.

GABA; receptor activation inhibits Piezol currents via Gpy

Our data show that Piezo2 currents are potentiated after activation
of Gi-coupled receptors through a mechanism involving Gpy.
However, vertebrates have two types of Piezo channels: Piezol
and Piezo2. Piezo channels share about ~ 50% in protein sequence
identity, possess similar biophysical properties, and are known to
be similarly regulated by endogenous molecules [1,33,40,41].
Therefore, we tested whether the activation of Gi-coupled recep-
tors could also affect the activity of Piezol channels. We trans-
fected HEK293 cells with Piezol and GABAg receptors. We

© 2020 The Authors
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recorded Piezol currents using a step protocol with increasing
displacement of the mechanical probe, before and after application
of baclofen. In contrast to Piezo2, activation of GABAg receptors
by 25 puM baclofen inhibited Piezol currents (Fig EV2A, B and D).
This inhibition depended on activation of GABAgp receptors
because HEK293 cells transfected with only Piezol channels were
not inhibited after baclofen treatment (Fig EV2E). Co-transfecting
BARKct abolished the inhibition of Piezol currents by activation of
GABAg receptors (Fig EV2F), indicating that regulation of Piezol
currents by activation of GABAg receptors was also mediated by
GPy.

Our data indicate that the Gi-signaling pathway is a general regu-
lator of Piezo channels, but the regulatory mechanisms activated
after receptor activation influence the activity of Piezol and Piezo2
differently. These findings have been in agreement with previous
research showing that although Piezol and Piezo2 are closely
related channels, they are expressed in different tissues [1] and
possess different kinetics of inactivation [42], moderate cold temper-
atures inversely regulate their mechano-gated channel activity [43],
and exogenous molecules are reported to selectively activate Piezol
channels [44].

PI3K and MAPK participate in potentiation of Piezo2 currents
after activation of GABAg receptors

Figure 1B and F shows that the potentiation of MA currents lasted
for several minutes, even after the removal of baclofen. GPy-
mediated effects on ion channel are usually quickly reversible;
therefore, we tested whether Gy modulated the activity of Piezo2
channels by a direct or indirect mechanism. We found that Gy
did not co-immunoprecipitate with either Piezol or Piezo2 chan-
nels, but showed clear co-immunoprecipitation with the Gfy-regu-
lated Kir3.4 channels (Fig EV3), suggesting that Gy may not be
forming a complex with Piezo2 channels after activation of Gi-
coupled receptors.

A potential mechanism of potentiation of Piezo2 currents could
be the activation of protein kinases by Gfy. PI3Ky and MAPK are
downstream targets of GBy [22,23]. These kinases have been associ-
ated with inflammatory hypersensitivity, NGF signaling, and
inflammation in nociceptive neurons [45-47] and are possibly
involved in affecting MA ion channels [48,49]. To test whether these
kinases contribute to the potentiation of Piezo2 currents in HEK293
cells co-transfected with Piezo2 channels and GABAg receptors, we
preincubated cells with the PI3K inhibitor wortmannin (50 nM) or
with the MAPK inhibitor of U0126 (10 uM). We measured Piezo2
currents using a step protocol with increasing displacement of the
mechanical probe, before and after application of baclofen. Piezo2
currents measured in cells treated with either PI3K or MAPK inhibi-
tors were not potentiated after activation of GABAg receptors, but
Piezo2 currents in non-treated cells were potentiated (Fig 4A-C).
These findings suggest that the prolonged potentiation of Piezo2
currents upon activation of Gi-coupled receptors is mediated by
GpBy-downstream targets: PI3K and MAPK (Fig 4D).

PI3K activation was shown to increase surface expression of
TRPV1 channels [46]; therefore, we also tested whether activation
of GABAg receptors induces a change in Piezo2 surface expression
using total internal reflection fluorescence (TIRF) microscopy.
Figure EV4 shows that the plasma membrane fluorescence of the

EMBO reports  21: 491242020 5 0f 12
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Figure 3. Activation of other Gi-coupled receptors also potentiates native MA currents in DRG neurons and recombinant Piezo2 currents.

A, B Quantification of normalized MA Piezo2 currents in HEK293 cells transiently transfected with Piezo2 + D2RS-YFP (A, n = 13) and HEK293 cells transfected with
Piezo2 and GFP (B, n = 5) before (black) and after (red) application of quinpirole 200 nM. *P < 0.05, repeated-measures ANOVA with Student’s t-test no corrections.
Data are shown as mean + SEM.

C Quantification of Piezo2 current inactivation rate (Tau) in HEK cells transfected with Piezo2 + D2RS-YFP. Data are shown as mean + SEM and scatter plots
(n =13)

D, E Quantification of normalized MA currents in responding large DRG neurons (D, n = 5) versus non-responding DRG neurons (E, n = 3) before (black) and after (red)
application of sumatriptan 10 puM to activate the Gi-coupled Htrld receptors. *P < 0.05, repeated-measures ANOVA with Student’s t-test no corrections. Data are
shown as mean + SEM.

F Quantification of MA current inactivation rate (Tau) measured for responding (R) large DRG neurons (n = 5, paired t-test). Data are shown as mean + SEM and
scatter plots.

G, H Quantification of normalized MA currents recorded from large DRG neurons dialyzed with 50 ng/ml GBy (G, n = 7) or with 0.0001% Lubrol (vehicle for GBy; H,

n = 6). *P < 0.05, repeated-measures ANOVA with Student’s t-test no corrections. Data are shown as mean + SEM.

I,J  Quantification of MA current inactivation rate (Tau) measured for large DRG neurons dialyzed with GBy (n = 7, **P < 0.01, paired t-test) and vehicle (paired t-test).
Data are shown as mean + SEM and scatter plots.
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GFP-tagged Piezo2 did not change in response to baclofen applica-
tion in HEK cells transfected with Piezo2-GFP and GABAg receptors,
indicating that receptor activation did not increase trafficking of
Piezo2 to the plasma membrane.

It was reported that PI(3,5)P,, a product of PI3K, positively regu-
lates Piezo2 channels [31]. Due to lack of reliable specific probes for
PI(3,5)P, [S0], the involvement of this lipid in Piezo2 potentiation
by Gi-coupled receptors is difficult to test, and wortmannin was
reported to have only marginal effect on Piezo2 activity evoked by
the knockdown of the myotubularin-related protein-2 (Mtmr2), a
phosphatase enzyme that dephosphorylates PI(3,5)P, [31]. Further

EMBO reports

experimentation and biochemical tools are needed to conclusively
determine the mechanism of the involvement of PI3K and MAPK in
regulating Piezo2 activity.

The serotonin 1B/1D agonist sumatriptan increases
mechanosensitivity in mice via PI3K and MAPK

At the cellular level, our data show that activation of Gi-coupled
receptors potentiates the activity of Piezo2 channels through an
indirect mechanism involving the activation of Gfy and its down-
stream targets PI3K and MAPK. To evaluate whether activation of
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Figure 4. PI3K and MAPK participate in the potentiation of Piezo2 currents after activation of GABAg receptors.

A-C Quantification of normalized MA Piezo2 currents in HEK293 cells transiently transfected with Piezo2 + GABAg; + GABAg, + GFP (A, n = 12), treated with the PI3K
inhibitor wortmannin 50 nM (B, n = 10) or treated with the MAPK inhibitor U0126 10 uM (C, n = 7). *P < 0.05, repeated-measures ANOVA with Student’s t-test no
corrections. Data shown as mean + SEM. Cells were treated with wortmannin or U0126 for 30 min before the experiments and were present throughout the

measurements.

D Putative pathway of regulation of Piezo2 currents by Gi-coupled receptors; activation of Gi-coupled receptors promotes the release of GBy activating PI3K and

MAPK kinase, thus indirectly potentiating Piezo2 currents.

© 2020 The Authors
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Figure 5. Sumatriptan, the agonist of the Gi-coupled serotonin 1B/1D receptors, triggers mechanical hypersensitivity in mice via PI3K and MAPK.
Mice were injected in the plantar surface of the hind paw with sumatriptan, or vehicle & the combination of wortmannin and U0126, as described in the Materials and
Methods section. Mechanical sensitivity was assessed 30 min later using von Frey filaments in an ascending order.

A-C

Percentage of withdrawal response for female mice using von Frey filaments at 0.07 g (A), 0.16 g (B), and 0.4 g (C) (n = 11-16 per group, ***P < 0.001,

****p < 0.0001, one-way ANOVA with Tukey’s multiple comparison test). Data are shown as mean &+ SEM and scatter plots.

D-F

Percentage of withdrawal response for male mice using von Frey filaments at 0.07 g (D), 0.16 g (E), and 0.4 g (F) (n = 12-16 per group, ***P < 0.001,

***xp < 0.0001, one-way ANOVA with Tukey’s multiple comparison test). Data are shown as mean &+ SEM and scatter plots.

Gi-coupled receptors could affect mechanosensitivity in mice, we
performed experiments using von Frey filaments (0.07, 0.16, 0.4 g)
to measure touch sensitivity, since responses to these filaments
have been shown to be mediated by Piezo2 channels [3]. After intra-
plantar injection of sumatriptan, an agonist of the Gi-coupled Htr1b/
Htr1d receptors, the frequency of withdrawal responses significantly
increased to all filaments tested (Fig SA-F). Moreover, this increase
in mechanosensitivity was abolished in mice co-injected with suma-
triptan and U0126 and wortmannin, an intervention that eliminated
Piezo2 potentiation in our patch-clamp experiments. Our data indi-
cate that activation of Gi-coupled receptors potentiates the activity
of Piezo2 channels not only at the cellular level, but could also
affect Piezo2-mediated peripheral processes such as touch sensitiv-
ity in vivo through an indirect PI3K/MAPK mechanism.

While activation of Gi-coupled receptors, such as opioid recep-
tors, is generally associated with analgesia, it has also been docu-
mented that activation of Gi-coupled receptors may induce
hyperalgesia and promote mechanical pain under certain circum-
stances [26-28]. While hyperalgesia usually requires repeated appli-
cations of Gi-coupled agonists, intradermal hind paw injection of
the migraine drug sumatriptan evoked both an acute hyperalgesia
30 min after its injection, and hyperalgesic priming, potentiating the
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effect of PGE2, an effect that developed several days after the injec-
tion of the drug [27]. The hyperalgesic effect of sumatriptan was
proposed to play a role in migraine pain chronification in patients
treated with this drug [27].

Sumatriptan has been described to have direct effects on other
ion channels, such as inhibition of N-type Ca®* channel [51], inhibi-
tion of voltage-gated Na™ channels [52], and inhibition of TRPV1
channels [53]. These effects, however, are unlikely to play a role in
the electrophysiological or behavioral effects of sumatriptan in our
study.

In conclusion, our data show that activation of Gi-coupled
receptors potentiates Piezo2 and inhibits Piezol channel activity.
This finding may be crucial when studying the Gi-signaling path-
way of MA channels in different tissues with mechano-sensory
properties. We also found that blocking the activity of GBy abol-
ished the potentiation and inhibition of Piezo currents. Addition-
ally, our data also showed that GBy may not be exerting its effect
directly on Piezo2 channels, but potentially by activating its down-
stream targets: PI3K and MAPK, suggesting a possible non-cano-
nical mechanism of action that could serve as source of
investigation for understanding mechanical hyperalgesia induced
by Gi-coupled receptor activation.

© 2020 The Authors
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Materials and Methods

Cell culture

DRG neurons

All animal procedures were approved by the Institutional Animal
Care and Use Committee at Rutgers NJMS. Mice were kept in a
barrier facility under a 12/12-hr light-dark cycle, with the light cycle
starting at 7 AM, a maximum of four mice were kept in the same
cage, and they were not subjected to any procedure or drug admin-
istration before the experiments. Wild-type C57BL6 mice (2-to 4-
month old) from either sex (Jackson laboratories) were anesthetized
with i.p. injection of ketamine (100 mg/kg) and xylazine (12 mg/
kg) and perfused via the left ventricle with ice-cold Hank’s buffered
salt solution (HBSS; Life Technologies). DRGs were harvested from
all spinal segments after laminectomy and removal of the spinal
column and maintained in ice-cold HBSS for the duration of the
isolation. Isolated ganglia were cleaned from excess nerve tissue
and incubated with type 1 collagenase (2 mg/ml; Worthington) and
dispase (5 mg/ml; Sigma) in HBSS at 37°C for 30 min, followed by
mechanical trituration. Digestives enzymes were then removed after
centrifugation of the cells at 100 g for 5 min. Isolated DRG neurons
were then resuspended and seeded onto glass coverslips coated with
a mixture of poly-p-lysine (Life Technologies) and laminin (Sigma).
DRG neurons were maintained in culture in Dulbecco’s MEM/F12
(1:1) supplemented with 10% FBS (Thermo Scientific) and penicillin
(100 IU/ml) and streptomycin (100 pg/ml; Life Technologies) for
1648 h before measurements.

HEK293 cells

HEK293 cells were obtained from the American Type Culture Collec-
tion (ATCC; catalog number CRL-1573, RRID:CVCL_0045) and were
cultured in minimal essential medium (MEM; Life Technologies)
containing 10% (v/v) HyClone characterized fetal bovine serum (FBS;
Thermo Scientific), and penicillin (100 IU/ml) and streptomycin
(100 pg/ml; Life Technologies). Cells were used up to 25-30 passages,
when a new batch with low passage number was thawed. Cell was
tested for mycoplasma contamination. Cells were transiently trans-
fected at ~70-80% cell confluence with the Effectene reagent
(QIAGEN) according to the manufacturer’s protocol. Cells were then
trypsinized and replated on poly-p-lysine-coated round coverslips 24 h
after transfection. Fluorescent cells were subjected to electrophysiolog-
ical measurements after 36-72 h. All cultured cells were kept in a
humidity-controlled tissue-culture incubator with 5% CO, at 37°C.

Whole-cell path clamp electrophysiology

HEK293 cells were transiently transfected with the following cDNA
constructs: mouse Piezo2 cloned into a pCMV-Sport6 vector (kind
gift from Dr. Ardem Patapoutian), mouse Piezo2 tagged with GFP
on its N-terminus, mouse Piezol cloned into a pcDNA 3.1 IRES GFP
vector [1], human GABAg; receptor cloned into a pCMV-Sport6
vector, YFP-tagged GABAg; (kind gift from Dr. Stefano Marrullo)
and GABAg, receptor cloned into a pcDNA 3.1 vector, rat BARKcr
cloned into a mCherry2-C1 vector, human D2RS cloned into a EYFP-
N2 vector (kind gift from Dr. Eldo Kuzhikandathil), and pEGFP-N1.
Whole-cell patch-clamp recordings were performed at room
temperature (22-24°C) as described previously [54]. Briefly, patch
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pipettes were prepared from borosilicate glass capillaries (Sutter
Instrument) using a P-97 pipette puller (Sutter instrument) and had
a resistance of 4-7 MQ. After forming gigaohm-resistance seals, the
whole-cell configuration was established, and the MA currents were
measured at a holding voltage of -60 mV using an Axopatch 200B
amplifier (Molecular Devices) and pCLAMP 10. Currents were fil-
tered at 2 kHz using low-pass Bessel filter of the amplifier and digi-
tized using a Digidata 1440 unit (Molecular Devices). All
measurements were performed with extracellular (EC) solution
containing 137 mM NaCl, 5 mM KCI, 1 mM MgCl,, 2 mM CaCl,,
10 mM HEPES, and 10 mM glucose (pH adjusted to 7.4 with
NaOH). The patch pipette solution contained 140 mM K™ gluconate,
1 mM MgCl,, 2 mM Na,ATP, 5 mM EGTA, and 10 mM HEPES (pH
adjusted to 7.2 with KOH). In the case of intracellular dialysis of
GPy to cultured DRG neurons, 50 ng/ml of GBy or equivalent lubrol
(detergent in the vehicle for GBy; 0.0001%) was added to the patch
pipette solution. The native GPy purified from bovine brain was
purchased from MilliporeSigma.

Mechanically activated currents were measured from isolated
DRG neurons or transiently transfected HEK293 cells as previously
described [33]. Briefly, mechanical stimulation was performed using
a heat-polished glass pipette (tip diameter, about 3 pm), controlled
by a piezo-electric crystal drive (Physik Instrumente) positioned at
60° to the surface of the cover glass. The probe was positioned so
that 10-um movement did not visibly contact the cell but an 11.5-
um stimulus produced an observable membrane deflection. Two
protocols were used to record the MA currents. For most experi-
ments, we used a step-increment protocol when we applied an
increasing series of mechanical steps from 12 pm in 0.4-um incre-
ments every 15 s for a stimulus duration of 200 ms. Drugs were
applied for 3 min, and then, the same protocol was repeated in the
continuous presence of the drug. In the continuous protocol (Fig 1A
and B), we used a fixed submaximal mechanical stimulus ranging
from 5.2 to 7 pm (based on the step protocols for each cell) applied
every 30 s for a stimulus duration of 200 ms. Measurements from
cells that showed significant swelling after repetitive mechanical
stimulation or had substantially increased leak current were
discarded [55]. In the DRG neurons shown in Fig 1A, we measured
the membrane potential, which was in the range of —50 to —60 mV,
and did not change substantially from before the repetitive mechani-
cal stimulation to the end of the experiment. The inactivation kinet-
ics from MA currents were measured by fitting the MA current with
an exponential decay function, which measured the inactivation
time constant (Tau). To calculate this time constant, we used the
current evoked by the third stimulation after the threshold in the
incrementally increasing step protocol in most experiments, except
in cells where only the two largest stimuli evoked a current. In the
latter case, we used the current evoked by the largest stimulus,
provided it reached 40 pA. Baclofen, carbachol, quinpirole, suma-
triptan, and wortmannin were purchased from Sigma Aldrich and
U0216 from Fisher Scientific.

Behavioral testing

For von Frey experiments, male and female mice were acclimated in
individual chambers for 30 min. After acclimation, intraplantar
injection (10 pl) of either vehicle (3% DMSO in 0.9% NaCl) or
sumatriptan (50 ng/paw), wortmannin (0.4 pg/paw), and U0126
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(1 pg/paw) was performed, and 30 min later, mice were tested for
touch sensitivity using the following filaments: 0.07, 0.16, and 0.4 g
by stimulating the middle of plantar surface of the hind paw in an
ascending order. The animals were randomly assigned to the experi-
mental groups, and the experimenter was blinded to the drug
injected. Each filament was presented 10 times, and the total
percentage of withdrawal responses was scored per mouse.

Co-immunoprecipitation

HEK293 cells on 6-well plates transfected with various constructs
(indicated in Fig EV3) were harvested in lysis buffer (140 mM NaCl,
10 mM NaOH/HEPES, 50 mM Tris, 2.5 mM MgCl,, 1 mM EDTA,
1 mM EGTA, 0.5% Triton X-100) supplemented with protease and
phosphatase inhibitor. Immunoprecipitation was performed by incu-
bating pre-cleared cell lysates with primary anti-GFP antibody from
Antibodies Inc (Anti-GFP clone N86/8 catalog# 75-131). The immune
complex was incubated with pre-washed protein G agarose beads
overnight at 4°C with gentle rocking. Immunoprecipitants were then
used for Western blotting. After six washes, precipitates were eluted
from the beads by incubating at 37°C for 1 h in Biorad XT loading
buffer and XT reducing agent. Protein samples were run on 4-12%
Bis-Tris Criterion gels and transferred to PVDF membranes. The
membranes were blocked at room temperature in TBS-T with 5%
milk for 1 hr and then probed overnight at 4°C with a rabbit poly-
clonal anti-GB antibody [56], recognizing GB1, GB2, GB3, and Gp4
(T-20, SC-378; Santa Cruz) diluted 1:1,000 in TBS-T with 5% milk.
Secondary antibody used was donkey-anti-rabbit HRP (Thermo
Fisher, A16035) 1:5,000 in 5% Milk. For detecting GFP-tagged
proteins in the input, we used an anti-GFP-HRP from Rockland
Immunochemicals (catalog# 600-103-215) All blots were processed
with SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific, Waltham, MA) and imaged with a Fuji Imager.

Total internal reflection fluorescence imaging

HEK293 cells were transiently transfected with the following cDNA
constructs: mouse Piezo2 tagged with GFP on its N-terminus,
human GABAg; receptor cloned into a pCMV-Sport6, and GABAg,
receptor cloned into a pcDNA 3.1 vector, or Pkdclab-GFP (DAG
sensor) and the human M1 muscarinic receptor. Total internal
reflection fluorescence measurements were performed as previously
described [57], using an Olympus IX-81 inverted microscope
equipped with an ORCA-FLASH 4.0 camera (Hamamatsu) and a
single line TIRF illumination module. Excitation light was provided
by 488 nm argon laser through a 60x NA 1.49 TIRF objective, and
data were collected using the MataMorph software (Molecular
Devices). For experiments in Fig EV4, HEK293 cells were trans-
fected with GFP-tagged Piezo2 with or without GABAgRs or human
muscarinic 1 (M1) receptors with the DAG sensor Pkdclab-GFP.
Cells were plated on 25-mm glass coverslips, and solutions were
manually applied to the chamber with gentle mixing. Data were
analyzed using the MetaMorph and ImageJ softwares.

Statistics

Data analysis was performed in Excel and SPSS. Data collection
was randomized. No statistical method was used to predetermine
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sample sizes, but our sample sizes are similar to those generally
employed by the field. Data in most measurements were normal-
ized by dividing every current value by the highest current value
recorded from the baseline measurements of each cell before
baclofen application. The normality of the data was verified with
Shapiro-Wilk test. Data were analyzed with t-test, repeated-
measures analysis of variance (ANOVA) with Student’s t-test no
corrections [58,59], or one-way ANOVA with Tukey’s multiple
comparison test. The P values are reported in the figure legends.
Data are plotted as mean + standard error of the mean (SEM)
and scatter plots for most experiments.

Expanded View for this article is available online.
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