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Inhibition of M Current in Sensory Neurons by Exogenous
Proteases: A Signaling Pathway Mediating Inflammatory
Nociception

John E. Linley,' Kirstin Rose,' Mayur Patil,” Brian Robertson,' Armen N. Akopian,? and Nikita Gamper!
nstitute of Membrane and Systems Biology, Faculty of Biological Sciences, University of Leeds, Leeds LS2 9] T, United Kingdom, and 2Department of
Endodontics, University of Texas Health Science Center at San Antonio, 78229 San Antonio, Texas

Inflammatory pain is thought to be mediated in part through the action of inflammatory mediators on membrane receptors of peripheral
nerve terminals, however, the downstream signaling events which lead to pain are poorly understood. In this study we investigated the
nociceptive pathways induced by activation of protease-activated receptor 2 (PAR-2) in damage-sensing (nociceptive) neurons from rat
dorsal root ganglion (DRG). We found that activation of PAR-2 in these cells strongly inhibited M-type potassium currents (conducted by
Kv7 potassium channels). Such inhibition caused depolarization of the neuronal resting membrane potential leading, ultimately, to
nociception. Consistent with this mechanism, injection of the specific M channel blocker XE991 into rat paw induced nociception in a
concentration-dependent manner. Injection of a PAR-2 agonist peptide also induced nociception but coinjection of XE991 and the PAR-2
agonist did not result in summation of nociception, suggesting that the action of both agents may share a similar mechanism. We also
studied the signaling pathway of M current inhibition by PAR-2 using patch-clamp and fluorescence imaging of DRG neurons. These
experiments revealed that the PAR-2 effect was mediated by phospholipase C (PLC). Further experiments demonstrated that M current
inhibition required concurrent rises in cytosolic Ca*>" concentration and depletion of membrane phosphatidylinositol 4,5-bisphosphate
(PIP,). We propose that PLC- and Ca*"/PIP,-mediated inhibition of M current in sensory neurons may represent one of the general
mechanisms underlying pain produced by inflammatory mediators, and may therefore open up a new therapeutic window for treatment

of this major clinical problem.
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Introduction

Inflammation causes spontaneous pain and exaggerated percep-
tion of chemical, thermal, and mechanical stimuli (hyperalgesia,
allodynia). The common cause of these uncomfortable sensa-
tions is the action of inflammatory mediators, such as prostaglan-
dins, leukotrienes, bradykinin, histamine, ATP, and proteases, on
the peripheral terminals of damage-sensing (nociceptive) neu-
rons (McMahon et al., 2006). However, the mechanism(s) by
which inflammatory mediators induce spontaneous pain and hy-
peralgesia are diverse and poorly understood.

Inflammatory mediators act by activating their specific re-
ceptors, and many of these belong to the G-protein-coupled
receptors (GPCRs) that use G, or Gy, types of G, and activate
phospholipase C (PLC) (McMahon et al., 2006). One such
receptor type, which is abundantly expressed in nociceptors, is
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the protease-activated receptor 2 (PAR-2) (Amadesi et al.,
2004; Dai et al., 2004). Protease-activated receptors (PAR1-4)
are a novel class of GPCRs with a unique activation mecha-
nism: exogenous proteases cleave the receptor’s N-terminal
fragment unveiling a more proximal domain which acts as a
tethered ligand and activates the receptor (Macfarlane et al.,
2001). During inflammation, PAR-2 can be activated by
tryptase, trypsin, and a few related serine proteases released by
macrophages and mast cells (Luo et al., 2007). In in vivo stud-
ies, injection of PAR-2 agonists induced both spontaneous
nociception and hyperalgesia (Vergnolle et al., 2001; Paszcuk
et al.,, 2008), whereas a PAR-2 antagonist produced anti-
nociceptive effects in an inflammatory pain model (Cenac et
al., 2007). The exact molecular mechanisms of these effects are
poorly understood, however it has been suggested that a group
of pathways underlying inflammatory hyperalgesia/allodynia
act via thermosensitive and/or mechanosensitive transient re-
ceptor potential (TRP) channels. Indeed, it has been demon-
strated that activation of PAR-2 produces sensitization of na-
tive and overexpressed TRPV1 (Amadesi et al., 2004; Dai et al.,
2004), TRPAI (Dai et al., 2007), and TRPV4 (Grant et al.,
2007; Sipe et al., 2008). This sensitization could ultimately
lead to inflammatory hyperalgesia. However, the potential
role of these channels in spontaneous inflammatory pain (that
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is inflammatory pain without any external mechanical or ther-
mal stimulation) is less certain.

Here, we propose a novel mechanism for acute, spontaneous
inflammatory pain: depolarization and hyperexcitability of noci-
ceptors via G;-coupled receptor-induced inhibition of the M
current. M current conducted by the Kv7 (KCNQ) potassium
channels is a mechanism used throughout the nervous system to
maintain neurons at the resting membrane potential and to resist
depolarizing inputs (Delmas and Brown, 2005). Numerous stud-
ies have now demonstrated that genetic or pharmacological inhi-
bition of M current leads to increased neuronal excitability,
whereas M channel openers suppress action potential firing
(Biervert et al., 1998; Charlier et al., 1998; Passmore et al., 2003;
Gamper etal., 2006; Zaika et al., 2006; Peretz et al., 2007). It is well
established that M channels can be effectively inhibited via the
Gg/11-PLC pathway, thus the origin of “M” in M current is from
its inhibition by G,;,-coupled muscarinic acetylcholine recep-
tors (Brown and Adams, 1980, for review, see Delmas and Brown,
2005). However, the role of receptor-mediated regulation of M
current in nociception has not been explored.

Materials and Methods

Cell cultures, transfections, and cDNA constructs. Dorsal root ganglia were
extracted from 7- to 10-d-old rats from all spinal levels. Ganglia were
enzymatically dissociated in HBSS supplemented with collagenase type
1A (1.5 mg/ml) and dispase (15 mg/ml) (Invitrogen) at 37°C for 15-20
min. Cells were then mechanically triturated, washed twice by centrifu-
gation (800 rpm for 5 min), resuspended in 800 ul of growth medium,
and plated onto glass coverslips coated with poly-p-lysine and laminin.
DRG neurons were cultured for 2-5 d in a humidified incubator (37°C,
5% CO,) in DMEM supplemented with GlutaMAX I (Invitrogen), 10%
fetal bovine serum, penicillin (50 U/ml), and streptomycin (50 wg/ml);
no nerve growth factor was added to the culture media. CHO cells were
handled as described recently (Gamper et al., 2005a). Plasmids encoding
human Kv7.2 and human Kv7.3 (GenBank accession numbers,
AF110020 and AAC96101, respectively) were given to us by David McK-
innon (State University of New York at Stony Brook, Stony Brook, NY)
and Thomas Jentsch (Zentrum fur Molekulare Neurobiologie, Ham-
burg, Germany) and subcloned into pcDNA3.1 (Invitrogen). The PLC3-
PH-GFP and EGFP-Lyn-PH-PP constructs were kind gifts from Tobias
Meyer (Stanford University, Palo Alto, CA). Human PAR-2 (GenBank
accession number BT009856) was from Missouri S&T ¢cDNA Resource
Center. CHO cells were transfected using FuGENE HD transfection re-
agent (Roche) according to the instructions of the manufacturer. DRG
neurons were transfected using Amaxa Nucleofector Device in combina-
tion with rat DRG transfection kit and O-03 voltage protocol. PAR-2
activating peptide (2-Furoyl-Leu-Ile-Gly-Arg-Leu-Orn-NH2) and edel-
fosine were from Calbiochem (VWR International) (except for behav-
ioral experiments, see below); XE991 (Tocris), Xestospongin C (Cayman
Europe); Fluo-4 AM (Invitrogen), diC8-PIP, (Echelon Bioscience). All
other chemicals were from Sigma unless otherwise stated.
Electrophysiology. In patch-clamp experiments the standard bath solu-
tion contained (in mm) NaCl (160), KCI (2.5), CaCl, (2), MgCl, (1),
HEPES (10), pH 7.4 adjusted with NaOH. In perforated-patch experi-
ments the patch pipette contained K-acetate (90), KCI (20), CaCl, (1),
MgCl, (3), EGTA (3), HEPES (40), amphotericin B (400 pg/ml), pH 7.4
adjusted with NaOH. In conventional whole-cell experiments the pipette
solution contained K-acetate (120-140), NaCl (5), KCI (15), Mg-ATP
(3), GTP (0.1), HEPES (10), pH 7.3 adjusted with KOH. The calcium
concentration in this pipette solution was fixed with varying concentra-
tions of BAPTA and CaCl, as indicated in the text. Currents were ampli-
fied using an EPC-10 patch-clamp amplifier (HEKA) and recorded using
Patchmaster software (v2.2. HEKA). The current signal was sampled at 1
kHz and filtered online at 500 Hz using a software based Bessel filter.
Patch pipettes were fabricated from borosilicate glass (Harvard Appara-
tus) using a horizontal puller (DMZ-universal puller; Zeitz-
Instrumente) and heat polished to a resistance of 2—4 M(). Cells were
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mounted on an inverted microscope (TE-2000; Nikon) in a low profile
perfusion chamber fed by a gravity perfusion system flowing at ~2 ml/
min resulting in a bath exchange time of ~15 s. Series resistance was
corrected online by up to 70% using the Patchmaster software and liquid
junction potentials were corrected. The magnitude of the neuronal
M current was measured from the deactivation current when stepping
the membrane voltage from —30 mV to —60 mV and was calculated as
difference between current amplitude at 10 ms into the voltage pulse and
that at the end of the pulse. This analysis method was designed to mini-
mize any contribution from other K* currents and capacitance artifacts.
All analyses of patch-clamp data were conducted using FITMASTER
software (v2.11, HEKA).

Fluorescence imaging. For studies of cytosolic Ca** signals, cells were
loaded with Fluo-4 AM (2 uMm) in combination with pluronic F-127
(0.02%) and probenecid (2 mm) in standard bath solution at 37°C for 45
min. Cells were then mounted on an inverted microscope (TE-2000E,
Nikon) illuminated with a halogen lamp filtered through a GFP bandpass
filter (450—480 nm excitation wavelength) and imaged using an electron
multiplying CCD camera (DQC-FS; Nikon) through a Plan Fluor 10X
objective [10X/0.30 DIC, working distance (wd) 16 mm; Nikon]. Drugs
were applied using a gravity fed perfusion system. In experiments in
which bath Ca?* was reduced to 0, CaCl, was removed from the stan-
dard bath solution and replaced with 0.2 mm EGTA. Neurons were pos-
itively identified by perfusing the cells with a bath solution in which 30
mMm NaCl had been replaced with KCI. The perimeter of each neuron was
outlined using NIS Elements imaging software (Nikon) and the total
pixel intensity within the defined area ( F) normalized to the basal total
pixel intensity (F,) and plotted against time. For measuring PIP, hydro-
lysis, freshly isolated DRG neurons were transfected with 2 ug of PLC8-
PH-GFP using Nucleofector device (Amaxa) as per the manufacturer’s
instructions. Cells were imaged 2—5 d later using a 100X oil-immersion
lens (Apo TIRF, 1.49 numerical aperture, 0.13—0.2 mm wd; Nikon) on a
Nikon swept field confocal scanner, attached to an inverted microscope
(TE-2000E; Nikon). Cells were illuminated at 488 nm using an argon
laser, and the image was amplified and recorded using an electron mul-
tiplying CCD camera (DQC-FS, Nikon). The confocal was set to a slit
diameter of 50 um and cells exposed to the laser light for 50-100 ms
every 1 s for the duration of the experiment. Analysis of imaging data
were conducted using NIS Elements imaging software (Nikon).

Behavioral assays. On the day of the experiment, PAR-2 activating
peptide (Ser-Leu-Ile-Gly-Arg-Leu-NH2, Tocris, 50 ng) and XE991 (2—
200 uM) were dissolved in saline (pH 7.4). The right hindpaw of the
animals received an intraplantar injection (50 ul) of a selected concen-
tration of drugs and the duration that the animal spent grooming and
flinching the injected hindpaw over a 45 min period was collected. Ther-
mal withdrawal latencies were measured using method described before
(Hargreaves et al., 1988). After habituation and collection of basal with-
drawal latencies, rats were injected with PAR-2 activating peptide or
XE991. The drug-induced changes in withdrawal latency were measured
10 min after injection and normalized for baseline readings. To record
withdrawal thresholds for mechanical stimulation rats were habituated
for 45—60 min and then the baseline readings (three readings per animal)
were taken on the right hindpaws using the Dynamic Plantar Aesthesi-
ometer (Ugo Basile). The instrument applies constant ramp of mechan-
ical pressure to the animal right hindpaw (from 0 to 50 gin 10 s) and the
reading provides withdrawal threshold in grams. The test drugs (50 ul)
were injected in the intraplantar region of the right hindpaws of the
animals, and the readings were taken 10 min after injection. All drug
treatments were blinded for the observer.

Statistics. Data are presented as mean = SEM and were statistically
compared using paired or unpaired ¢ test or one-way ANOVA with
Tukey’s posttest as appropriate.

Results

M current in small DRG neurons is inhibited by PAR-2
Recent research has established that the majority of neuronsin rat
DRG (both small and large) express robust M-type potassium
currents conducted by Kv7.2, Kv7.3, and Kv7.5 subunits (Pass-
more et al., 2003), and some 90% of small-diameter nociceptive
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DRG neurons express PAR-2 receptors (A)
(Amadesi et al., 2004; Dai et al., 2004). We -30
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therefore reasoned there must be coex-
pression of PAR-2 and M channels in the
majority of small nociceptive neurons.
Our patch-clamp experiments confirmed
this assumption. Whole-cell currents were
measured from small-diameter (mean
whole-cell capacitance of 20.8 * 1.1 pF,
n = 44), predominantly TRPV1-positive
(73% or 51 of 70 of such cells responded to
1 uMm capsaicin) DRG neurons. M current
was measured using a standard voltage
protocol (Fig. 1A, inset). Application of
the hyperpolarizing test pulse resulted in a
slowly deactivating whole-cell current,
characteristic of M current (for time con-
stants, see supplemental Table 1, available
at www.jneurosci.org as supplemental ma-
terial), which was partially inhibited by the
specific M channel blocker XE991 (3-10
uM) (Fig. 1C) (57 = 4% inhibition of de-
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stepping the membrane voltage from —30
to —60 mV. Addition of a specific peptide
agonist of PAR-2 (2{-LIGRLO-amide, 10
uM; PAR2-AP) to the bath solution re-
sulted in a dramatic and sustained reduc-
tion in the deactivation current from 4.3 *
0.4t02.5 = 0.3 pA/pF (24/27 neurons, p <
0.0001) (Fig. 1B,C) which amounted to
80.5 = 10.6% of I ;. When applied after
XE991, PAR2-AP had no further effect on
the deactivation current (deactivation cur-
rent in the presence of XE991 alone was
1.52 = 0.32 pA/pF; and after subsequent
coapplication of XE991 + PAR2-AP be-
came 1.38 = 0.30 pA/pF; n = 7, paired ¢
test) (Fig. 1C). These data indicate that the
fraction of the deactivation current inhibited by PAR2-AP is a
classical M current. Inhibition of M current by PAR-2AP or
XE991 was accompanied by a substantial depolarization of the
membrane potential by 8.2 £ 1.9 mV (from —65.6 = 1.6 mV to
—57.4 £ 1.7 mV; n =20, p <0.001) and 12.8 = 2.1 mV (from
—61.5*32mVto —48.8 £2.7mV;n = 8,p < 0.001) respec-
tively (Fig. 1 D). In current-clamp experiments, we found that I,
inhibition by PAR2-AP lowered the threshold for action poten-
tial firing in 5/12 tested neurons (data not shown). The effect on
excitability of DRG neurons in culture was most likely underes-
timated because of a slight depolarization causing partial inacti-
vation of voltage-gated Na™ channels (Zimmermann et al,
2007). As we shall see later, behavioral experiments support a
strong excitatory effect of M channel block.

To verify that the observed effects of PAR-2 on M current were
not an artifact of culture conditions, we developed a method of
perforated-patch recording from acute DRG “slices” (see supple-
mental Methods, available at www.jneurosci.org as supplemental
material). These recordings (supplemental Fig. 1) were consis-
tent with the experiments on cultured neurons validating both
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PAR-2 inhibits M current in DRG neurons. M current was recorded in small-diameter DRG neurons using the
perforated-patch technique. A, Exemplar experiment showing whole-cell current elicited by the voltage protocol depicted in the
inset above (values in mV). Drugs were added to the bath solution sequentially, protease activated receptor-2 activating peptide
(PAR2-AP) (10 um) followed by XE991 (XE, 10 um). Zero current is indicated by the dotted line. B, Representative time course of
M current inhibition by PAR2-AP. Plotted is the deactivation current measured as the difference between the current 10 ms into
the voltage pulse from —30 mV to —60 mV and the steady-state current at —60 mV and normalized to cell capacitance (/e5
density). Drugs were applied during the periods indicated by the bars. C, D, Summary of the effects of PAR2-AP and XE991 on M
current () and resting membrane potential (V) (D). Bars are mean = SEM; number of experiments given above bars in
parentheses. Significant difference from basal (*) and from PAR2-AP (t); NS, no significant difference.

the expression of M current in native DRG neurons and its func-
tional coupling to PAR-2 signaling.

DRG neurons express a wide variety of voltage-gated K™
channels, most of which are activated at membrane potentials
more depolarized than M channels. We therefore investigated
whether these were modulated by PAR-2 activation by measuring
the total outward current at + 60 mV (termed I) (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material).
XE991 (10 um) induced 16 = 4% (n = 6) inhibition of I, con-
sistent with inhibition of M current. Subsequent application of
PAR2-AP induced a relatively minor change in I: an initial tran-
sient increase in the current (12.4 = 4.5%, n = 6) followed by a
steady-state inhibition of 6.3 * 2.3% (n = 6). These results,
together with previous observations that activation of PAR-2
does not affect TTX-resistant voltage-gated sodium channels
(Kayssi et al., 2007) and H current (Alier et al., 2008) in DRG
neurons, suggest that the PAR-2 action on the voltage-gated
channels in DRG is specific to M channels.

We were also able to model PAR-2 inhibition of M current in
CHO cells by cotransfection of human PAR-2 with hKv7.2 and
hKv7.3 channels (Fig. 2A). In such cells, PAR2-AP induced ro-
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Figure2. Recovery of M current from PAR-2 induced inhibition. A, Reconstitution of PAR-2

inhibition of M current in CHO cells. Cells were transfected with hKv7.2, hKv7.3, and hPAR-2
¢DNA, and current was recorded in perforated-patch mode. Deactivation current when stepping
the membrane voltage from 0 mV to —60 mV is normalized to cell capacitance. Drugs (PAR2-
AP, 10 pum; XE991, 3 um) were applied during the periods indicated by the bars. Inset shows
current traces taken at the time points indicated by colored triangles. B, Recovery of M current
in DRG neurons. Recording conditions as in Figure 1A,B. €, Recording similar to that shown in B,
but trypsin (20 nw) is applied instead of PAR2-AP. D, Summary of recovery of Kv7.2/7.3 current
(CHO) or native M current (DRG) after inhibition by PAR2-AP or trypsin. Data are represented as
percentage recovery of the XE991-sensitive deactivation current fraction (/).

bust inhibition of the voltage-gated K™ current at 0 mV [which is
solely conducted by Kv7.2/7.3 because endogenous K™ conduc-
tance in CHO cells at this voltage is negligible (Gamper et al.,
2005a)]. In both DRG and CHO cells, the effect of PAR2-AP was
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partially reversible after washout (Fig. 2A—C) (DRG: 60.5 * 9.2%
recovery, n = 12; CHO: 96.0 £ 19.6% recovery, n = 8). The
recovery after inhibition appeared more complete in CHO cells
than that in DRGs, however this was statistically insignificant
(unpaired ¢ test, p = 0.09). The recovery after PAR2-AP inhibi-
tion took 173 = 25 sfor DRG neuronsand 392 *+ 111 s ( p = 0.03)
for CHO cells. Importantly, the effect of PAR2-AP on I, could be
mimicked by trypsin (20 nm, 51.6 = 10.6% inhibition, n = 6)
which is known to activate PAR-2 through the more physiologi-
cal mechanism of N-terminal cleavage (Macfarlane et al., 2001),
although as expected, the trypsin effect was not reversible after
washout (Fig. 2C) (4.4 = 15.0% recovery), reflecting the fact that
in this case the endogenous ligand is tethered to the receptor and
cannot be washed away. Inhibition of I, by trypsin in DRGs was
somewhat smaller than that by PAR2-AP (51.6 * 10.6% vs
80.5 * 10.6%, respectively); however, the difference did not
reach statistical significance (unpaired ¢ test, p = 0.24).

PAR-2-mediated inhibition of M current requires PLC and
Ca’* rise

We next sought to unravel the intracellular signaling cascade
linking PAR-2 and M current in DRG. In many cell types, PAR-2
receptors are coupled to Gy, pathways (Bushell et al., 2006),
resulting in activation of PLC which hydrolyzes membrane PIP,
to form DAG and IP;. If IP; release is strong enough to reach IP;
receptors in the endoplasmic reticulum (ER), then Ca*" is re-
leased from the ER stores which, in turn, may trigger multiple
secondary Ca**-sensitive pathways (Berridge and Irvine, 1989).
Does PAR2-AP activate PLC in cultured DRG neurons? We
transfected DRG culture (using an Amaxa Nucleofector) with an
optical probe for PIP,, PLC8-PH-GFP (Stauffer et al., 1998). The
probe contained the pleckstrin homology (PH) domain of PLCS
that binds with high affinity to PIP, and IP; After transfection,
we imaged PAR2-AP induced membrane-to-cytosol translocation
of the probe using a swept field confocal microscope (Fig. 3A,B).
Under basal conditions, PLCS-PH-GFP was predominantly local-
ized to the plasma membrane as shown by an intensity line plot.
Application of PAR2-AP caused a robust and reversible transloca-
tion of PLCS-PH-GFP from the plasma membrane to the cytosol in
7/12 small DRG neurons which was manifested in a marked rise in
cytosolic fluorescence intensity of 1.6 * 0.2-fold (n = 7) and a con-
sequent loss of fluorescence at the plasma membrane. This result is
consistent with activation of PLC, hydrolysis of membrane PIP,, and
generation of IP, [for which the probe has a higher affinity (Varnai
and Balla, 1998; Hirose et al., 1999)].

Because M channels can be inhibited by both PIP, depletion
(Suh and Hille, 2002; Zhang et al., 2003; Li et al., 2005) and
cytosolic Ca** (Selyanko and Brown, 1996; Gamper and Sha-
piro, 2003; Gamper et al., 2005b), we asked whether PAR2-AP
produces Ca*™ transients in DRG neurons in culture. Such cells
were loaded with the calcium-sensitive fluorescent dye Fluo-4
AM and neurons identified morphologically and by their re-
sponse to depolarization induced by bath application of 30 mm
KCI. In line with recent reports (Steinhoff et al., 2000; Amadesi et
al., 2004), PAR2-AP (10 pM) induced strong calcium rises in
77/169 (45%) of neurons in culture (Fig. 3C). Subsequent appli-
cation of the TRPV1 agonist capsaicin (1 uM), a reliable biomar-
ker for nociceptive neurons (Caterina et al., 1997; Binshtok et al.,
2007), produced a large rise in [Ca**]; in the majority of PAR-2
responsive neurons studied (59/77), further supporting the ob-
servations that expression of PAR-2 and TRPV1 largely overlap
(Amadesi et al., 2004; Dai et al., 2004). PAR-2 activation in the
absence of extracellular Ca** (0 Ca®* and 0.2 mM EGTA) failed
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to prevent the response to PAR2-AP (Fig. (A)
3D). It is of note that when PAR2-AP was

applied in the presence of extracellular 1'8H
Ca** (2 mm), a smaller sustained phase of 1.6
[Ca®™]; elevation was often observed after -
the main spike (Fig. 3B; supplemental Fig. LL_Q 1.4
3, available at www.jneurosci.org as sup- EI: =5
plemental material). This second phase of 124
Ca** response was absent when this ex- Al
periment was repeated in Ca**-free buffer 1.0
(Fig. 3D) suggesting a role for secondary i

Ca’®" entry pathways in the integral Ca®"
signal induced by PAR-2 in DRG. Removal
of Na™ from the extracellular solution failed
to prevent PAR2-AP induced Ca** tran-
sients (6 of 14 neurons responded to
PAR2-AP in Na*-free solution, the same
proportion as for the experiments in stan-
dard extracellular solution), whereas experi-

ments with the PLC blocker edelfosine (10 10pm
—

uM) abolished them (supplemental Fig. 3,

available at www.jneurosci.org as supple-

mental material), further supporting a major

role for PLC-IP; signaling in the generation

of these Ca*™" transients. (C)
Next we investigated which second

messengers were required for M current

inhibition in DRG. We first confirmed the

requirement of PLC for M current inhibi-

tion. Pretreatment of DRG neurons with

the selective PLC inhibitor edelfosine (10

uM) severely attenuated PAR2-AP in-

duced inhibition of I; (Fig. 4). Next we

tested whether PIP, depletion by PLC is

the main pathway of M current inhibition

in DRG [as suggested for sympathetic neu-

rons and expression systems (Suh and
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2003)]. We thought to prevent such PIP,
depletion by dialyzing 100 uM of the solu-
ble PIP, analog, diC-8 PIP,, into the cy-
tosol via the patch pipette. To our surprise,
buffering of plasma membrane PIP, only
slightly attenuated PAR2-AP inhibition of
I, in DRG. With 100 pm diC-8 PIP, in the
pipette PAR2-AP still produced strong
(69.2 £ 2.9%, n = 9) inhibition of I, (this
value is however significantly lower than
82.7 * 3.3% observed in control neurons in fast whole-cell mode,
n=9,p <0.005) (Fig. 4). Supplemental Figure 4 (available at www.
jneurosci.org as supplemental material) shows control experiments
confirming that diC8-PIP, was indeed effectively delivered to the
inner leaflet of the plasma membrane when applied through the
patch pipette.

The next step was to test whether disruption of the Ca*™ signal
would block M current inhibition by PAR-2. With the cytosolic
free Ca** concentration buffered to 75 nM using 10 mM of the fast
Ca** buffer BAPTA intracellularly, the PAR2-AP induced inhi-
bition of I, was reduced to 34.3 = 5.6% (n = 14) (Fig. 4). Sim-
ilarly, pretreatment with the IP receptor blocker Xestospongin C
(1 uM) resulted in a reduction of the PAR2-AP induced inhibi-
tion of I, to 31.3 = 10.0% (n = 6) (Fig. 4). In control Ca**
imaging experiments, pretreatment with Xestospongin C dimin-

Figure 3.

PAR-2 stimulates PIP, hydrolysis and a global Ca* increase in DRG neurons. 4, DRG neurons were transfected with
the optical probe for PIP,/IP, (PLCS-PH-GFP) and imaged using a swept field confocal microscope. Time course of changes in
cytosolic fluorescence intensity ( F) normalized to basal fluorescence levels (F,) (mean % SEM, n = 7). Only cells that displayed
translocation of the probe were included (7 of 12). PAR2-AP was added to the bath solution as indicated by the black bar. B, An
exemplar cell imaged as in A. Images before application (basal), during application (PAR-2), and after the wash-out of PAR2-AP
(wash) are shown on the left. White arrow indicates line used for intensity profiles shown on the right. Note the two fluorescence
intensity peaks under basal conditions which correspond to the plasma membrane and are lost after PAR-2 activation. C, D,
Calciumimaging from individual DRG neurons loaded with Fluo-4 AM. Lower bars indicate [Ca 1, (mm). Drugs (PAR2-AP, 10 um;
capsaicin, 1 um) were applied during the periods indicated by the bars.

ished PAR2-AP induced Ca*" transients in DRG neurons (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material). In further experiments we combined 100 um diC-8
PIP, and 10 mm BAPTA in the whole-cell pipette to buffer both PIP,
and [Ca*"];. Under such conditions PAR2-AP produced only a mi-
nor inhibition (24.5 = 5.8%) of I; (n = 14). These experiments
suggest that both pathways (PIP, depletion and Ca**/CaM) coin-
cide in the PAR2-mediated inhibition of M current in DRGs with the
Ca®" signal probably playing a dominant role.

Pharmacological inhibition of M current induces

acute nociception

The experiments described above establish that PAR-2 triggering
induces strong inhibition of M current and depolarization in
nociceptive DRG neurons. We next sought to establish whether
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Figure4.  PAR-2inhibits M currentin DRG through a Ca* and PIP,-dependent mechanism downstream of PLC activation. 4,
Buffering of the cytosolic Ca®* and membrane PIP, through the whole-cell pipette. Representative recordings from DRG neurons
temporally aligned for the onset of the PAR2-AP application. Data are normalized to the basal level of /, (/). PAR2-AP was added
to the bath solution 60 s after establishing a stable current level as indicated by the black bar. Pipette solutions contain: 0.2 mm
BAPTA, no added Ca® ™" (control, black circles); 0.2 mm BAPTA, 100 um diC8-PIP, (PIP,, red circles); 10 mm BAPTA, free [Ca®*];
buffered to 75 nmwith CaCl, (BAPTA, blue circles); 10 mm BAPTA, 100 rum diC8-PIP, (BAPTA+PIP,, green circles). Recordings were
performed in whole-cell mode. Individual traces were fit with a generic sigmoid function for better comparison. B, Mean data of
the experiments shown in A. Number of experiments is given within bars. *Difference from control, tdifference from PIP,. C,
Perforated patch experiments similar to those in A. Black circles depict control experiments similar to that of Figure 1 B; red circles,
PLCinhibitor edelfosine (10 wum) added 10 min before commencing experiment and remained throughout; blue circles, as before,
but specific IP, receptor blocker Xestospongin C (1 wum) is used instead of edelfosine. D, Mean data of the experiments showniin €.

*Difference from control, difference from edelfosine.

pharmacological blockade of M current can induce nociception
in the whole animal and also whether nociception induced by
PAR-2 activation could be attributable to the M current inhibi-
tion. Intraplantar injection of the M channel blocker XE991 into
the hindpaw of rats induced prominent, concentration-
dependent, nocifensive behavior (quantified as time spent
grooming and flinching during 45 min and compared with the
vehicle control) (Fig. 5A). In such behavioral tests, drugs have to
be used at 10-100 times higher concentrations than those used in
pharmacological experiments on isolated cells because of drug
absorption by the tissues and by dilution/absorption in blood and
plasma. Our data indicate that injection of 20 umM XE991, a con-
centration that is still reasonably selective to M channels in ex-
pression system/primary neuron electrophysiological experi-
ments (Elmedyb et al., 2007), induced spontaneous nociception
(Fig. 5A), suggesting that this effect of XE991 is specifically attrib-
utable to the inhibition of peripheral M channels. Injection 0of 200
M XE991 resulted in significantly elevated nocifensive behavior
compared with 20 um (Fig. 5A), indicating that the effect was
concentration dependent.

® BAPTA + PIP,

@ Control
® Edelfosine
® Xestospongin C
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® Control Consistent with previous findings
® PIP, (Vergnolle et al., 2001; Shimada et al.,
® BAPTA 2006; Paszcuk et al., 2008), injection of

PAR2-AP (50 um) also induced spontane-
ous nocifensive behavior (Fig. 5B); in ad-
dition (also consistent with the above lit-
erature), PAR2-AP induced thermal (Fig.
5C) and mechanical (Fig. 5D) hyperalgesia
[measured using Hargreaves test (Har-
greaves et al., 1988) and Ugo Basile Dy-
namic Plantar Aesthesiometer, respec-
tively]. Interestingly, XE991 not only
failed to induce mechanical or thermal hy-
peralgesia but even somewhat increased
thermal withdrawal latency. This differ-
ence in the hyperalgesic action of
PAR2-AP and XE991 may reflect the fact
that PAR-2 triggering has been reported to
sensitize temperature-sensitive TRPV1
(Amadesi et al., 2004; Dai et al., 2004) and
potentially mechanosensitive TRPV4
channels in DRG nociceptors (Grant et al.,
2007; Sipe et al., 2008), whereas no such
effect of XE991 is reported or expected. In
addition, XE991-induced depolarization
may produce some degree of desensitiza-
tion. To test possible central side effects of
PAR2-AP and XE991, we tested thermal
withdrawal latencies on the paw contralat-
eral to injected. No significant effects of
the drugs were observed on the contralat-
eral paw, indicating that ipsilateral effects
were mediated peripherally (data not
shown).

We then reasoned that if spontaneous
nociception induced by XE991 and
PAR2-AP are both mediated (at least in
part) by neuronal depolarization caused
by M current inhibition, then coapplica-
tion of XE991 and PAR2-AP should not
produce as much nocifensive behavior as
one would expect from simple summation
of the effects of these drugs applied sepa-
rately. We performed an experiment where 200 um XE991 was
injected 15 min before the PAR2-AP (50 uMm) injection; there was
no significant increase in nocifensive behavior compared with
either PAR2-AP or XE991 injected separately (Fig. 5B). Nocicep-
tive effects of XE991 and PAR2-AP were persistent over the pe-
riod of observation (45 min). Similarly to spontaneous nocicep-
tion, preinjection of XE991 produced a slight increase in
mechanical hyperalgesia induced by PAR2-AP although it was
not statistically significant (data not shown).

*1

Discussion

It is well established that activation of PAR-2 in dorsal root and
trigeminal sensory neurons induces (1) peripheral spontaneous
pain and hyperalgesia (Vergnolle et al., 2001; Dai et al., 2004;
Patwardhan et al., 2006; Shimada et al., 2006; Paszcuk et al.,
2008); (2) depolarization and an increase in action potential fir-
ing of dissociated neurons and those in intact ganglia (Pat-
wardhan et al., 2006; Kayssi et al., 2007; Alier et al., 2008); and (3)
inhibition of a fraction of the outwardly rectifying K™ current
(Kayssi et al., 2007). In this study we have identified the current
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Figure 5. M channel blocker and PAR2-AP induce nocifensive behavior in rats. A, XE991

induces acute pain in a concentration-dependent manner. Solutions (50 wl) of different con-
centrations (as indicated below the bars) were injected into the hindpaw of adult rats. Nocifen-
sive behavior was quantified by observing time spent grooming and flinching during 45 min,
n = 6 for each experiment. *Difference with the vehicle control; "difference from XE991 (2
m); *difference from XE991 (20 um). B, Preapplication of XE991 does not significantly increase
nocifensive behavior induced by PA2-AP. Drugs were injected as follows: Vh1, vehicle (50 wl)
control; PAR2-AP, PAR2-AP, 50 rum; XE, XE991, 200 wum; Vh2, double injection of the vehicle (15
min apart); PAR2-AP + XE, 200 m XE991 was preinjected 15 min before the injection of 50 um
PAR2-AP; n = 6 for all groups. C, PAR2-AP induces thermal hyperalgesia in rats. 50 ! of
PAR2-AP (50 pum) or XE991 (200 wum) were injected into the hindpaw of adult rats. Hindpaw
withdrawal latency was measured using Hargreaves apparatus as described previously (Har-
greaves et al., 1988). Negative numbers indicate hyperalgesia, and positive numbers indicate
anti-nociception. Readings were taken from the ipsilateral paw 10 min after injection (n =
6-9). **Significant difference from the vehicle control (one-way ANOVA with Tukey posttest).
D, PAR2-AP induces mechanical hyperalgesia in rats. The mean of three baseline readings for
mechanical threshold for paw withdrawal was taken for each animal on the right hindpaw
intraplantar region. Ten minutes after injection, another three test readings were taken and the
results are shown as the change in threshold from the baseline. The vehicle-1(Vh1) was a saline
injection and the test drugs were 50 pul of PAR2-AP (50 um) or XE991 (200 am).

inhibited by PAR-2 as being almost exclusively an M current.
Inhibition occurs via PLC activation and is conferred by a coin-
cident action of intracellular Ca*™ rises and PIP, depletion. We
also demonstrated that PAR-2 activation (similar to pharmaco-
logical block of M channels) induces depolarization of DRG neu-
rons. Using behavioral tests we found that peripheral (intraplan-
tar) administration of an M channel blocker induced acute
nociception, which was not augmented when the PAR-2 agonist
and M channel blocker were coadministered. Altogether our
findings suggest that inflammatory pain induced by the activa-
tion of PAR-2 is mediated, at least in part, by the receptor-
induced inhibition of M current.

Linley et al. @ PAR-2 Regulation of M Current in Sensory Neurons

Signaling cascades for M channel inhibition in DRG

PAR-2 belongs to the family of G,,-coupled GPCRs (Bushell et
al., 2006), which act via PLC and its downstream signaling routes,
including PIP, depletion, Ca** transients, and DAG-PKC path-
ways (Berridge and Irvine, 1989). M channels are sensitive to
Ca’* (in concert with calmodulin) and to PIP, depletion [for
review, see Delmas and Brown (2005) and Gamper and Shapiro
(2007b)]; however, in sympathetic neurons G,;;-mediated inhi-
bition of M current occurs either through PIP, depletion or
Ca**/CaM but rarely through both (Gamper et al., 2004; Delmas
etal., 2005; Brown et al., 2007; Gamper and Shapiro, 2007b; Zaika
et al., 2007). Thus, reportedly, in SCG neurons G,,,-coupled
GPCRs that are spatially disconnected from the IP;-sensitive
Ca** stores (such as muscarinic M, and angiotensin AT,) do not
produce Ca*" transients but induce strong depletion of mem-
brane PIP,, whereas those receptors that are able to induce Ca?"
transients (e.g., bradykinin B, and purinergic P2Y,) produce only
minor PIP, depletion because of Ca*"-dependent activation of
PIP, resynthesis (Delmas et al., 2002; Gamper et al., 2004; Delmas
et al., 2005; Zaika et al., 2006; Gamper and Shapiro, 2007a,b;
Zaika et al., 2007). It was also suggested that disruption of Ca**
signaling can increase the degree of PIP, depletion induced by
activation of bradykinin and P2Y receptors (Gamper et al., 2004;
Delmas et al., 2005; Brown et al., 2007; Gamper and Shapiro,
2007a,b).

We investigated the signaling pathways linking PAR-2 and M
channels in DRG neurons, and our data suggest that in these cells
PAR-2 stimulation does induce robust Ca** transients but che-
lating of cytosolic Ca** or inhibition of IP; receptors apparently
does not significantly enhance membrane PIP, depletion because
under such conditions only modest inhibition of M channels by
PAR-2 was observed. Thus we believe that global PIP, levels in
DRG neurons are well buffered so that PAR-2 activation pro-
duces only a modest (yet significant) drop in PIP, and that the
main inhibitory action of PAR-2 is therefore mediated by Ca*™.
Our experiments with the PIP,/IP;-sensitive probe (PLC6-PH-
GFP) do show translocation of the probe in response to PAR2-AP
but these data cannot be used to quantitate the degree of mem-
brane PIP, depletion because of the ~20-fold higher affinity of
the probe for IP; (Varnai and Balla, 1998; Hirose et al., 1999).
Buffering of PIP, by dialysis of diC8-PIP, through the whole-cell
pipette does however reduce PAR-2 inhibition of M current,
thus, we believe that although the Ca®" pathway is predominant,
both the Ca™ rise and PIP, depletion work in concert to ensure
maximal M current inhibition. Interestingly, it has been sug-
gested that PIP, and CaM binding sites within the Kv7 channels
overlap (Delmas and Brown, 2005; Haitin and Attali, 2008), ac-
cordingly, binding of PIP, and PIP; to Kv7.1 have been shown to
compete against CaM (Kwon et al., 2007). We can therefore spec-
ulate that PIP, depletion induced by PAR-2, although not robust
enough to strongly inhibit M current by itself, may increase af-
finity of the CaM-Kv7 interaction and thus enhance the inhibi-
tory action of Ca*™.

In a recent study it has been suggested that PAR-2 can induce
depolarization of mouse DRG neurons via PKC and ERK,, cas-
cades (Kayssi et al., 2007). Further research is required to find out
whether there is a role for the PKC pathway in the PAR-2-
mediated inhibition of M current in DRG; such a role has been
recently proposed for the sensitization of M channels toward the
PIP,-mediated modulation by muscarinic M, receptors in sym-
pathetic neurons (Hoshi et al., 2003, 2005).
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Novel mechanism for inflammatory pain
It is now well established that some G,;;-coupled inflammatory
mediators such as proteases, ATP, and bradykinin are able to
sensitize members of the TRP channel family: TRPV1 (Chuang et
al., 2001; Amadesi et al., 2004; Dai et al., 2004; Tang et al., 2004;
Amadesi etal., 2006), TRPV4 (Grant et al., 2007; Sipe et al., 2008),
and TRPA1 (Bandell et al., 2004; Dai et al., 2007) probably by the
mechanism(s) involving receptor-induced PIP, depletion
(Chuang et al., 2001; Dai et al., 2007) [although this remains
controversial, see Gamper and Shapiro (2007b) for review]
and/or protein kinase C-dependent phosphorylation (Amadesi et
al., 2004, 2006; Dai et al., 2004; Grant et al., 2007). The sensitiza-
tion of thermosensitive and possibly mechanosensitive TRP
channels could be responsible for the thermal and mechanical
hyperalgesia induced by inflammation (Amadesi et al., 2004; Dai
et al., 2004; Dai et al., 2007; Grant et al., 2007; Sipe et al., 2008).
However the role of these mechanisms in spontaneous inflam-
matory pain is less obvious because the sensitization of these TRP
channels does not necessarily imply their activation at resting
conditions in the absence of external sensory stimulation. Indeed,
PAR-2 induced an increased response to both capsaicin and heat
for TRPV1 (Amadesi et al., 2004; Dai et al., 2004) and to cinna-
maldehyde for TRPA1 (Bandell et al., 2004; Dai et al., 2007), but
no channel activity has been recorded in response to the PAR-2
agonist itself. Thus, receptor-induced sensitization of TRP chan-
nels is more likely to account for the inflammatory hyperalgesia
than for spontaneous pain. However, lowering the temperature
threshold for TRPV1 activation below the normal body temper-
ature (Dai et al., 2004) may result in some spontaneous pain.
We suggest here a novel mechanism that may contribute to
spontaneous inflammatory pain: our data suggest that such pain
may be produced by PAR-2-mediated inhibition of M current.
Indeed, as mentioned earlier, M current “clamps” the resting
membrane potential of neurons at hyperpolarized values and
prevents discharge of action potentials. The unique biophysical
properties of Kv7 channels, such as a negative (—60 mV or less)
threshold for activation, slow kinetics, and no inactivation, make
them a powerful force counteracting any depolarizing input
(Delmas and Brown, 2005). Numerous studies have demon-
strated dramatic excitatory effect that inhibition (even partial) of
M channels puts on the neurons of different types (Jones et al.,
1995; Gu et al., 2005; Peters et al., 2005; Shen et al., 2005; Gamper
et al., 2006; Zaika et al., 2006), including DRG sensory neurons
(Passmore et al., 2003). Recent studies also suggest that augmen-
tation of M current in peripheral sensory fibers (including C
fibers) may have anti-nociceptive effect (Blackburn-Munro and
Jensen, 2003; Hirano et al., 2007; Lang et al., 2008; Roza and
Lopez-Garcia, 2008); accordingly, the role which M current reg-
ulation may play in different chronic pain states is now being
increasingly recognized (for review, see Gribkoff, 2008).

Prototypic inflammatory pain pathway?

PAR-2 is not the only type of inflammation-related G,;;-
coupled receptors expressed in DRG neurons; among others are
purinergic P2Y (Ruan and Burnstock, 2003), histamine H,
(Kashiba et al., 1999), bradykinin B, (Seabrook et al., 1997), and
Substance P NK; (Szucs et al., 1999). Agonists of these receptors
arereleased (or can be released) locally at the site of inflammation
or injury (McMahon et al., 2006); all of them can trigger signaling
cascades of PLC and, thus, potentially are able to inhibit M chan-
nels in peripheral nociceptive terminals and cause excitation in
corresponding spinal nerve fibers. Simultaneous release of sev-
eral such inflammatory agents often observed in inflammation
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may strengthen the M current inhibition and, thus, the excitatory
input and pain. We therefore believe that the signaling pathway
elucidated here may represent one of the general mechanisms of
spontaneous and acute inflammatory pain, whereas pharmaco-
logical augmentation of M currents in peripheral sensory neu-
rons may provide new ground for therapeutic targeting of such
types of pain.
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