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Platelet-derived growth factor activates
nociceptive neurons by inhibiting M-current and
contributes to inflammatory pain
Omer Barkaia,b, Stephanie Puigc, Shaya Leva,b, Ben Titlea,b, Ben Katza,b, Luba Eli-Berchoerd, Howard B. Gutsteinc,
Alexander M. Binshtoka,b,*

Abstract
Endogenous inflammatory mediators contribute to the pathogenesis of pain by acting on nociceptors, specialized sensory neurons
that detect noxious stimuli. Here, we describe a new factor mediating inflammatory pain. We show that platelet-derived growth
factor (PDGF)-BB applied in vitro causes repetitive firing of dissociated nociceptor-like rat dorsal root ganglion neurons and
decreased their threshold for action potential generation. Injection of PDGF-BB into the paw produced nocifensive behavior in rats
and led to thermal andmechanical pain hypersensitivity. We further detailed the biophysical mechanisms of these PDGF-BB effects
and show that PDGF receptor–induced inhibition of nociceptive M-current underlies PDGF-BB–mediated nociceptive
hyperexcitability. Moreover, in vivo sequestration of PDGF or inhibition of the PDGF receptor attenuates acute formalin-induced
inflammatory pain. Our discovery of a new pain-facilitating proinflammatory mediator, which by inhibiting M-current activates
nociceptive neurons and thus contributes to inflammatory pain, improves our understanding of inflammatory pain pathophysiology
and may have important clinical implications for pain treatment.
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1. Introduction

Tissue injury initiates an innate inflammatory response promoted
by the secretion of multiple factors from the injured tissue and
from resident and recruited immune cells.9,20,37 The activity of this
wide array of inflammatory mediators leads to dramatic alter-
ations in somatosensory function.32,56 Some factors increase the
sensitivity of peripheral nociceptive neurons to stimulation
(sensitization), whereas others directly cause neuronal activa-
tion.10,12,28,32 The identification of specific inflammatory media-
tors and characterization of theirmechanism of action is of utmost

importance for the development of selective and effective
therapeutic approaches to inflammatory pain. Here, we describe
a previously unknown role of a well-known factor, platelet-derived
growth factor (PDGF), in activating peripheral nociceptive
neurons and in mediating inflammatory pain.

Platelet-derived growth factor comprises a family of homodi-
meric and heterodimeric growth factors, which exerts their action
through tyrosine kinase receptors—PDGF receptors (PDGFR)-a
and PDGFR-b.3 It has been demonstrated in vivo that PDGF
isoforms, PDGF-AA and PDGF-CC, act mainly through PDGFR-
a, whereas platelet-derived growth factor-BB (PDGF-BB) acti-
vates PDGFR-b.3,68 Platelet-derived growth factor was initially
shown to be essential for the development and migration of
fibroblasts, muscle cells, and glial cells, and also functioned as
a mitogen.3,21,50,52 Platelet-derived growth factor has also been
shown to play a modulatory role in the inflammatory process.3,68

Platelet-derived growth factor was found in peripheral tissues on
the first day after injury, whereas PDGFR-b upregulation was
shown to occur minutes after injury.5,6,43,53 These data implicate
PDGF as one of the factors secreted during inflammation. These
facts, together with the data showing that PDGFR are expressed
in dorsal root ganglion (DRG) neurons and the sciatic nerve,26 and
that PDGF and its receptors have been previously implicated in
pain hypersensitivity45,48 led us to hypothesize that PDGF may
modulate the activity of peripheral sensory neurons, thus
contributing to inflammatory pain.

Using in vivo behavioral approaches, as well as electrophys-
iological, immunohistochemical, and pharmacological techni-
ques, we show that PDGF-BB–mediated signaling inhibits the
KV7/M class of potassium (K1) channels. These channels
underlie the low voltage-activating, noninactivating potassium
(K1) M-current, or IM.

14,15 Kv7/M channels have been established
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as amajor regulator of nociceptive excitability.8,15,24,25 The inhibition
of Kv7/M-currents has been shown to produce nociceptive firing,
decrease in action potential threshold, and increase in firing
gain,8,23,51,58,65 as well as to lead to pain hypersensitivity in
behavioral models.39,40 Our findings suggest that PDGF elicits
action potential firing in nociceptors and produces sensitization to
painful stimuli in vivo, by PI3K-mediated suppression of Kv7/M-
currents. Moreover, injection of PDGF is sufficient to induce
nocifensive behavior. We show that PDGF-BB–mediated inhibition
of IM is a primary mechanism underlying the PDGF-BB–induced
increase in nociceptive excitability. Finally, we show that seques-
tration of PDGF or inhibition of the PDGFR during tissue
inflammation reduces inflammatory pain.

2. Materials and methods

2.1. Animals

All procedures were conducted in accordancewith the guidelines
of the Animal Ethics Committee of the Hebrew University of
Jerusalem and the University of Pittsburgh, and were approved
by the ethics committees of the Hebrew University and the
University of Pittsburgh. Five- to 7-week-old Sprague-Dawley
(SD) male rats (150-225 gr) were housed under controlled
temperature (23 6 2˚C) and environment, with ad libitum access
to food and water, and kept in a 12-hour light/dark cycle.

2.2. Immunohistochemistry procedures

2.2.1. Perfusions and tissue extraction

Naive rats were anesthetized with beuthanasia and perfused with
saline (0.9%). The glabrous skin fromhindpawswas dissected and
postfixed in 2% paraformaldehyde (PFA) in phosphate buffered
saline (PBS) for 48 hours at 4˚C. The rat was then perfusedwith 4%
PFA inPBS. LumbarDRGswere dissected andpostfixedovernight
in 4% PFA.

2.2.2. Processing dorsal root ganglion samples

Dorsal root ganglion samples were transferred to 20% and 30%
sucrose diluted in 0.1 M PBS for cryoprotection. After equilibrat-
ing tissue in embedding matrix for 20 minutes (OCT, TissueTek),
specimens were snap frozen in cooled isopentane (255˚C) for 15
seconds and stored at 280˚C. Frozen tissue samples were
sectioned using a cryostat set at 218˚C. Dorsal root ganglion
sections (10 mm) were mounted on “super frost1 slides” (Fisher)
and dried overnight under a hood, at room temperature (RT). They
were then stored at 280˚C until used. Tissue was rinsed 2 3 5
minutes with PBS. To block nonspecific antibody binding, tissue
sections were blocked in 10% normal goat serum (NGS)
containing 0.2% Triton X-100 for tissue permeabilization in
PBS, for 1 hour at RT. Tissue slides were then incubated with
primary antibodies (anti-PDGFR-b, rabbit polyclonal, 1:400,
Santa Cruz Biotechnology; anti-CGRP, mouse monoclonal, 1:
500, Abcam; anti-NF200, mouse monoclonal, 1:2000, Sigma
Aldrich; Isolectin-B4 Alexa Fluor 568 conjugated, 1:1000, Life
Technologies) in a buffer containing 2% NGS and 0.2% Triton X-
100, in 0.1MPBS, overnight at 4˚C and rinsed 33 5minutes with
PBS. They were then incubated with Alexa Fluor 488 goat anti-
rabbit IgG and Alexa Fluor 568 goat anti-mouse (1:2000; Life
technologies, Carlsbad, CA) secondary antibodies diluted in 2%
NGS in PBS in the dark at room temperature for 1 hour. After rinsing
33 5 minutes with PBS, they were incubated with 49,6-diamidino-
2-phenylindole (50 ng/mL; Cell Signaling Technologies, Danvers,

MA) in PBS for 5 minutes at RT and rinsed 3 3 5 minutes. Finally,
sections were allowed to air dry at RT, coverslipped using ProLong
Gold antifade mounting media (Invitrogen Molecular Probes,
Eugene, OR), and stored at 4˚C until imaging. All the experiments
were controlled by omission of primary antibody.

Quantification was performed using Nikon NIS-Elements
software (Nikon Instruments Inc, Melville, NY). Colocalization of
PDGFR-b with the cell markers was determined after applying
uniformly set intensity thresholds based on the background signal
from negative controls.

2.2.3. Processing of skin samples

Skin samples were transferred to successive baths (5 minutes
each) of 70%, 85%, 95%, and 100% ethanol and embedded in
paraffin. Paraffin-embedded tissue samples were sectioned
using a vibratome, directly mounted onto poly-L-lysine coated
slides and stored at RT until used. Before starting the
immunohistochemistry procedure, slides were baked at 60˚C
for a minimum of 2 hours. The tissue was then rehydrated with
successive immersions (5 minutes each) in xylenes 100%,
xylenes 1:1 ethanol, ethanol 100%, 95%, 85%, 70%, and then
running MilliQ water. An antigen retrieval procedure was
performed by immersion of the samples in a sodium citrate buffer
(10 mM), 0.5% Tween 20, at pH5 6, and heated in a steamer for
25minutes. Samples were then allowed to cool down in buffer for
30minutes and transferred to 0.2% TX100 in PBS for 10minutes.
The blocking was performed with 5% NGS in PBS for 1 hour at
RT. Primary antibody incubation was done overnight at 4˚C in 1%
NGS (antibodies: anti-PDGFR-b, rabbit polyclonal, Novus bio-
logicals; anti-CGRP, mouse monoclonal, 1:250, Abcam; anti-
NF200, mouse monoclonal, 1:250, Sigma; Isolectin-B4 Alexa
Fluor 568 conjugated, 1:1000, Life Technologies).

Tissue samples were imaged using a confocal microscope,
Nikon A1.

2.3. Rat lumbar dorsal root ganglion cell culture preparation

Primary DRG neurons were isolated from ;150 g Sprague-
Dawley male rat lumbar DRGs, as previously described.8,12,28

Briefly, lumbar DRG neurons (L1-L6) were removed and placed
into Dulbecco’s modified eagle medium with 1% penicillin–
streptomycin, then digested in 5 mg/mL collagenase, 1 mg/mL
Dispase II (Roche), and 0.25% trypsin, followed by addition of
0.25% trypsin inhibitor. Cells were triturated with Pasteur pipettes
in the presence of DNase I (250 U), and centrifuged through 15%
BSA. The cell pellet was resuspended in 1 mL of Neurobasal
media, containing B27 supplement (Invitrogen, Carlsbad, CA),
penicillin and streptomycin, 10 mM AraC, 2.5S NGF (100 ng/mL,
Promega), and glial cell-derived neurotrophic factor (2 ng/mL).
Cells were plated onto poly-D-lysine (100 g/mL) and laminin (1
mg/mL)-coated 35-mm tissue culture dishes. Cells were kept in
the incubator at 37˚C with 5% carbon dioxide.

2.4. General electrophysiology

Recordings were performed from small (;25 mm) dissociated rat
DRG neurons, up to 48 hours after plating. These neurons have
been described in the literature to be nociceptive.17 Indeed, in
some of the experiments, 1 mM of capsaicin was added to the
bath solution at the end of the experiment and the resulting
inward current was examined. All the examined neurons (n 5 9)
showed capsaicin-induced robust inward current (see Results).
Cell diameter was measured online using Nikon Elements
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AR software (Nikon), from images acquired using a CCD camera
(Q-Imaging). Whole-cell membrane currents and voltages were
recorded using a nystatin-based perforated patch technique31 in
voltage-clamp and fast current-clampmodes, respectively, using
a MultiClamp 700B amplifier (Molecular Devices), at RT (24 6
2˚C). Data were sampled at 20 kHz and were low-pass filtered
at 500 Hz (23 dB, 8 pole Bessel filter). Patch pipettes (2-5 MV)
were pulled fromborosilicate glass capillaries (1.5/1.1mmOD/ID;
Sutter Instrument Co, Novato, CA) on a P-1000 puller (Sutter
Instrument Co., Novato, CA) and fire-polished (LW Scientific,
Lawrenceville, GA). Command voltage and current protocols
were generated with a Digidata 1440A A/D interface (Molecular
Devices, San Jose, CA). Data were digitized using pCLAMP 10.3
(Molecular Devices). Data averaging and peak detection were
performed using Clampfit 10.3 software. Data were fitted and
analyzed using Origin 9 (OriginLab) and Matlab.

Nystatin-based pipette solution (290mOsm) for perforated
patch recordings was freshly prepared in the dark every 2 to 3
hours and contained (in mM): 140 KCl, 1.6 MgCl2, 2 EGTA, 10
HEPES, 2.5 Mg-ATP, 0.5 Na-GTP, pH 7.2 adjusted with KOH.
Nystatin (Sigma-Aldrich, St. Louis, MO) was dissolved in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich) to a 50 mg/mL stock solution,
ultrasonicated for 1 minute, and then diluted to a working
concentration of 125 mg/mL, in the pipette solution.

The extracellular solution contained (inmM): 145NaCl, 5 KCl, 1
MgCl2, 10 HEPES, and 10 D-glucose, pH was adjusted to 7.4.

Pipette potential was zeroed before seal formation, and
analyzed membrane potential was corrected for a 24.5-mV
liquid junction potential. For voltage-clamp recordings, capacitive
currents were minimized.

2.4.1. Current-clamp recordings

Only cells with stable resting potential and stable action potential
(AP) threshold during a 5-minute application of vehicle (extracel-
lular solution) were analyzed. To rule out possible time-dependent
changes in neuronal excitability, we applied vehicle solution for
;15 minutes. No changes in neuronal excitability were observed
during the period of vehicle application (n 5 5 neurons). The
action potential thresholds and neuronal firing properties were
assessed by analyzing the neuronal responses to a series of
depolarizing steps (1-2 nA in increments of 0.05 nA each). Action
potential threshold was calculated from phase plot (dV/dt)
analysis of a single AP with a 10-ms step when plotted vs time
or vs membrane voltage, as previously described.28 The voltage
of the threshold was measured using “first local minimum” of the
function before the peak. The “first local minimum” was
determined as the first minimal value of dV/dt after the peak,
followed by an additional increase in dV/dt, while analyzing the
function from its positive peak to time “0.” The time for the first
local minimum was defined as the time of threshold, and its
voltage was then detected from the original trace. The properties
of a single APwere compared with the same above rheobase AP,
after the treatment. Input resistance (Rin) was calculated by
analyzing the peak change in membrane voltage for 500 ms
hyperpolarizing steps of 20.1 nA. Measurements of changes in
action potential threshold and mean evoked firing (f-I curve) after
application of PDGF-BB were performed at the original (control)
restingmembrane potential (Vm) obtained for each cell (average2
56.8 6 0.9 mV, n 5 40 neurons), maintained by injecting steady
DC current. Changes in resting membrane potentials DV were
measured as the difference in Vm at different posttreatment times
(Vt) subtracted from the resting Vm values measured 3 minutes
before application of either PDGF-BB or vehicle (V0; Vt2 V0). The

changes were calculated for each individual cell and averaged for
a “time-point-mean change.” In the “PDGF-BB” group, 12 of 18
examined cells fired action potentials after PDGF-BB application.
These neurons were omitted from the analysis and only neurons
that showed depolarization without firing (6 neurons) were used
for the analysis of the changes in resting membrane potential.

For the negative control experiments, vehicle (5 mΜ of HCl in
the extracellular solution) was focally and continuously applied to
the cells, and excitability parameters were measured at the same
time points as PDGF-BB.

In some experiments, cells were incubated with 10 mM of
imatinib for at least 30 minutes before PDGF-BB or XE991 was
applied. In these experiments, 10 mM of imatinib was also
included in the extracellular solution.

2.4.2. Voltage-clamp recordings

To characterize IM, a deactivation protocol29,59,65 was used as
shown in the study by Barkai et al.8 Briefly, from a holding potential
of220mV, 1-second hyperpolarizing voltage steps were applied in
increments of 25 mV. These steps induced slow current
“relaxations” after the instantaneous inward current drops, which
represented slow IM deactivation. Current relaxations were fitted to
biexponential curves (starting after the capacitance artifact) and
were extrapolated back to the beginning of the hyperpolarizing
command pulses. IM amplitudes were calculated as the differences
between the instantaneous peak currents at command onset and
the steady-state currents just before command offset.

To examine whether PDGF-BB caused an inward current,
long-lasting (more than 15 minutes) free-run (gap-free) experi-
mentswere performed. In these cases, cells were held at260mV
during the recordings.

For the negative control experiments, vehicle (5 mΜ of HCl in
the extracellular solution) was focally and continuously applied on
the cells, and IM amplitudes were measured at the same time
points as for the PDGF-BB.

In some experiments, cells were incubatedwith either 10mMof
imatinib for at least 30minutes or 20 nM of wortmannin for at least
5 minutes before PDGF-BB or XE991 was applied. In these
experiments, 10mMof imatinib or 20 nMof wortmannin were also
included in the extracellular solution. Treatment with either
imatinib or wortmannin did not affect IM amplitudes (IM, SES 5
257.2 6 8.3 pA; IM, imatinib 5 263.8 6 9.4 pA, P 5 0.6,
unpaired Student t-test, n 5 7 cells; IM, SES 5 256.5 6 10.6 pA;
IM, wortmannin 5 253.7 6 12.6 pA, P 5 0.88, unpaired Student
t-test, n 5 6 cells).

2.4.3. Single-cell calcium (Ca21) imaging

Fluorescent Ca21 imaging of cultured DRG neurons was
performed using an inverted microscope (Nikon Eclipse Ti),
equippedwith an Epi-Fl attachment, perfect focus system (Nikon,
Tokyo, Japan), and Exi Aqua monochromator (QImaging).
Acutely dissociated (see above) DRG neurons were loaded with
fura-2 acetoxymethyl (fura-2 AM, stock in DMSO), for 45 to 60
minutes in a standard extracellular bath solution (SES) composed
of (inmM): 145NaCl, 5 KCl, 2 CaCl2, 1MgCl2, 10 glucose, and 10
HEPES. They were then rinsed for 45 to 60 minutes for
deesterification of intracellular AM esters. Intracellular [Ca21]i
was measured fluoroimetrically as ratiometric excitation at 340
nm and 380 nm (F5 DF340/380). Emission was collected at 510
nm. At the beginning of the experiment, cells were bathed in SES.
After ;5 minutes, cells were perfused with nominally Ca21-free
SES composed of (in mM): 145NaCl, 5 KCl, 1MgCl2, 10 glucose,
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and 10 HEPES. Under these conditions, PDGF-BB was focally
and continuously applied (see below) onto individual small
(;25 mm) dissociated rat DRG neurons. Five to 7 minutes after
cessation of PDGF-BB application, cells were perfused with
nominally Ca21-free SES containing 1 mM of thapsigargin. For all
experiments, images were taken every 1 second, monitored
online, and analyzed offline using Nikon Elements AR Software
(Nikon). For quantification of changes in fluorescent intensity,
values of fluorescence at the specific time points (F) were
normalized to baseline signal (F 2 F0). F0 was measured 5
minutes before application of PDGF-BB.

2.4.4. Solutions and drugs for in vitro experiments

Recombinant rat carrier-free (CF) PDGF-BB (520-BB/CF, R&D
Systems, Minneapolis, MN) was reconstituted to 100 mg/mL in
4 mM of HCl stock solution. Then, PDGF-BB was diluted to 125
ng/mL in extracellular solution. When indicated, PDGF-BB or its
vehicle was focally and continuously applied onto plated DRG
neurons using pressure puffs supplied by a pneumatic PicoPump
PV820 (World Precision Instruments, Sarasota, FL), connected to
a glass pipette (2-5 MV). The pipette was placed 25 to 50 mm
away from the recorded neuron.

The vehicle solution for control experiments was 5mΜ of HCl in
the extracellular solution.

Imatinib (I-5577, LC laboratories, Woburn, MA) was dissolved
in DMSO in a 10-mM stock solution. On the day of experiments, it
was diluted in extracellular solution to a working concentration
of 10 mM.

Wortmannin (W1628; Sigma) was dissolved with DMSO into
stock aliquots. On experiment day, the stock was diluted to
a working concentration of 20 nM.13,61

XE991 (2000, Tocris Bioscience, Bristol, United Kingdom) was
dissolved in water in 10-mM stock aliquots. On experiment days,
the stock was diluted to a working concentration of 10 mM and
applied by bath perfusion.

Capsaicin (M2028, Sigma) was applied in the bath solution at
a concentration of 1 mM.

2.5. Behavioral experiments

In this study,;200g (6weeks) SDmale rats (purchased fromHarlan
Laboratories, Jerusalem, Israel) were used. The ratswere habituated
to handling and experimental procedures for 1 week before
injections. The behavioral baseline was obtained by 2 preliminary
measurements on the day before and the first day of experiment.
The rats were habituated to the test environment for 24 hours in
Plexiglas chambers and the experimental surfaces before the
behavioral tests. The same investigator performed the scoring in all
the behavior tests and was blind to the administered treatments. All
injected solutions were freshly prepared on the day of experiment.

2.5.1. Measurements of thermal and mechanical sensitivity

The behavioral experiment contained the following groups:
“vehicle,” “PDGF-BB,” “imatinib,” and “PDGF-BB 1 imatinib”.
Single intraplantar injections of 40 mL of vehicle, PDGF-BB,
imatinib, or a combination of PDGF-BB and imatinib into the rat
hind paw were performed. Thermal sensitivity was determined
using paw withdrawal latency (PWL) determined with a Har-
greaves device (Ugo Basile, Varese, Italy). To avoid tissue
damage, a 20-seconds cutoff time was used. Mechanical
sensitivity was measured using an in-house custom-built
electronic von Frey apparatus. A tip was mounted on the

pressure sensor (Ugo Basile) and manually applied in the vertical
direction with gradual increase of pressure intensity until the paw
withdrew from the tip. The force at which the animal withdrew its
paw was displayed and recorded.

2.5.2. Formalin test

Forty microliter of formalin (2% in saline; F1635, Sigma) with PBS
(“Formalin 1 vehicle” group), formalin with PDGFR-b-Fc (“Formalin
1 PDGFR-b-Fc” group), or PDGFR-b-Fc alone (in saline; “PDGFR-
b-Fc alone” group) were injected into the left hind paw. In another
experiment, 40 mL of formalin (2% in saline) with either saline
(“Formalin alone” group) or imatinib (60 ng/g; (“Formalin1 imatinib”
group) were injected. For the positive control experiment, either 1.5
or 5 mg/kg of morphine were injected into the loose skin under the
neck, 30 minutes before injection of 40 mL of formalin (2% in saline)
to the rat’s hind paw (“Formalin1morphine” group). Spontaneous
pain behavior was video-recorded for 60minutes and analyzed post
hoc. Time spent licking and biting was calculated in 5-minute
intervals, starting immediately after injection. The total time spent
licking and biting in 60 minutes was also analyzed.

2.5.3. Measurement of spontaneous nocifensive behavior

Twelve or 50 mg/mL of PDGF-BB prepared as described above
were injected (40mL) into the rat’s hindpaw. The time spent licking,
biting, flinching, and guarding of the injected paw was collected
over a period of 45minutes after injection of PDGF-BB and vehicle.

2.5.4. Complete Freund’s adjuvant—induced inflammation

Baseline thermal sensitivity was measured using PWL using
a Hargreaves device (Ugo Basile). Mechanical sensitivity was
measured using von Frey apparatus filaments. Animals then
received a 100-mL injection of complete Freund’s adjuvant (CFA;
Calbiochem) in the left hind paw under anesthesia. Three days
after CFA injection, animals received intraplantar injections of
either imatinib (50 mg in 40 mL) or saline (40 mL) both ipsilateral
and contralateral to the CFA injection site, and then PWL and
mechanical threshold were tested in both hind paws. These
injections and behavioral tests were repeated on days 4 and 5.

2.5.5. Solutions for behavioral experiments

Recombinant rat PDGF-BB protein was taken out from the frozen
stock and prepared freshly in saline (0.9% NaCl, B. Braun,
Melsungen) to reach a working concentration of either 12 or 50
mg/mL.

Imatinib methanesulfonate salt (I-5508) was dissolved in saline
to a final concentration of 12 or 60 ng/g as indicated in the Results
section.

Formalin (2%, Sigma) was prepared in saline solution.
Recombinant human CF PDGFR-b-Fc (385-PR/CF; R&D

Systems) stock was prepared to a concentration of 500 mg/mL
in sterile PBS. On the day of the experiment, PDGFR-b-Fc was
prepared freshly out of frozen stock to make a solution of 500 ng
per injection (40 mL) in formalin 2% or in saline solution.

Morphine (obtained from Hadassah Medical Center pharmacy)
was diluted in saline on the day of experiment and administrated
subcutaneously (120 mL) into the loose skin under the neck, at 1.5
and 5 mg/kg, 30 minutes before injection of formalin 2% in the
hind paw.

For all injected solutions, the corresponding vehicle used to
dissolve the drug served as a negative control.
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2.6. Western blot

Paws were injected with saline or 2% formalin as described above
(see Formalin Test). An additional noninjected animal was used as
a negative control. Rats were killed 35 minutes after injection, and
paw skin tissue samples were removed and homogenized in
radioimmunoprecipitation assay lysis buffer containing protease
inhibitors. After removing precipitated cell debris by high-speed
centrifugation (12,000 rpm for 10minutes), loadingbufferwasadded
to the supernatants and they were then denatured at 95˚C for 5
minutes. Fiftymg of each sample was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on a 4% to 20%
polyacrylamide gel. A Western blotting system (Bio-Rad, Hercules,
CA) was used to transfer the proteins to the nitrocellulose
membrane, which was blocked with 5% (wt/vol) fat-free milk for 1
hour at room temperature and then incubated with an appropriate
primary antibody overnight at 4˚C. Themembranewas thenwashed
in Tris-buffered saline containing 0.1% (vol/vol) Tris-buffered saline
Tween 20 (TBST) 3 times and incubated with an appropriate
secondary antibody conjugated with horseradish peroxidase for 1
hour. Finally, the membrane was repeatedly washed in TBST, and
the bound antibodies were visualized using an enhanced chem-
iluminescence system (Western Bright ECL, San Jose, CA).
Immunoblot densitometry and normalization was performed using
BioRad Image Lab 4.1 software.

The following antibodies were used: rabbit polyclonal Ab
against platelet-derived growth factor (PDGF)-B (#ab178409;
Abcam,Cambridge, United Kingdom) at a dilution of 1:500, rabbit
polyclonal Ab against GAPDH (#ab37168; Abcam) at a dilution of

1:500, and a horseradish peroxidase–conjugated goat anti-rabbit
antibody IgG (#ab97080; Abcam) at a dilution of 1:10,000.

2.7. Experimental design and statistical analysis

Data are shown as mean 6 SEM. Differences between groups
were analyzed using a 2-tailed Student t-test or one-/two-way
analysis of variance followed by Bonferroni post hoc tests,
when appropriate. The criterion for statistical significance was
P , 0.05.

2.7.1. Sample size calculation

We did not conduct a power analysis because we were studying
the effect of a newmediator and had noway to estimate the effect
size. For in vivo experiments, we collected and analyzed all the
data using a minimum of 6 animals per group, and for in vitro
experiments, we always compared the same cells (at least 5)
before and after treatment.

The number of replicates (n) for each experiment is given either
in the Figure legends or in the Results. If a representative example
is shown, we always explain how representative it is, that is, how
many cells/animals showed a similar effect. The inclusion criteria
for each experiment are described in the Materials and Methods
section above.

All figures and tables are accompanied with an extended data
file that contains exactP values as well as other statistical analysis
parameters.

Figure 1. Platelet-derived growth factor-BB activates nociceptor-like cultured DRG neurons and induces nocifensive behavior and pain hypersensitivity. (A)
Representative trace (12 of 18 neurons) of current-clamp perforated patch recordings from nociceptor-like cultured DRG neurons showing membrane voltage
response to continuous focal application (marked by horizontal bar) of 125 ng/mL of PDGF-BB. Dashed lines indicate resting potentials before drug application
(257 mV). (B) Mean6 SEM of changes in resting membrane potential DV (Vt2 V0) after focal application of PDGF-BB alone (red) or vehicle (5 mMHCl, light gray).
Time point “Before 1” indicates the time where V0 values were measured (3 minutes before application of either PDGF-BB or vehicle). Time point “Before 2”
indicates the time just before application of either PDGF-BB or vehicle. ns, not significant, *P, 0.05, **P, 0.01; ***P, 0.001; Repeated-measures (RM) 2-way
ANOVAwith post hoc Bonferroni. In the “PDGF-BB,” only neurons that showed depolarization without firing (n5 6 neurons) were used for the analysis; n5 5 cells
for the “Vehicle” group. (C) Graph comparing box plots and individual values of the total time (in seconds) spent by rats licking, biting, flinching, and guarding the
hind paw (nocifensive behavior) during 45minutes after intraplantar injection of 50mg/mL of PDGF-BB or its vehicle (2mMof HCl). **P, 0.01; Student t-test; n5 6
rats per group. Box plots depict mean, 25th, 75th percentile, and SD. (D) The decrease in thermal (radiant heat) pawwithdrawal latency (PWL, left) andmechanical
threshold (electronic von Frey, right) after intraplantar injection of 12mg/mL of PDGF-BB as compared to injection of vehicle (500mMHCl, n5 6 rats per group, ***P
, 0.001; **P, 0.01; RM 2-way ANOVAwith post hoc Bonferroni). ANOVA, analysis of variance; DRG, dorsal root ganglion; PDGF, platelet-derived growth factor.
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3. Results

3.1. Platelet-derived growth factor-BB activates nociceptor-
like cultured dorsal root ganglion neurons and causes
nocifensive behavior and pain hypersensitivity when injected
intraplantarly in vivo

Platelet-derived growth factor has been shown to participate in
the inflammatory process, and PDGFR is expressed in DRG
neurons.26 Therefore, we thought to first determine whether
PDGF-BB, one of the PDGF isoforms, modulated the activity of
dissociated nociceptive (;25-mmdiameter) neurons in vitro using
the perforated patch approach (seeMethods). At resting potential
(256.8 6 0.9 mV), all neurons were quiescent (n 5 40). Focal
continuous application of PDGF-BB (125 ng/mL) caused a slow
depolarization of about 20 mV in all recorded neurons within 5 to
10 minutes (n5 18 cells, Figs. 1A and B). In 67% of the neurons
(12 of 18 neurons), application of PDGF-BB led to repetitive firing
at a frequency of about 1Hz (1.46 0.4Hz;Fig. 1A). Under control
conditions, when vehicle solution was focally applied on the
neurons, neither depolarization (Fig. 1B) nor increase in neuronal
excitability were observed during sustained recordings (up to 15
minutes, data not shown). The excitatory effects of PDGF-BB
persisted throughout drug application. In some neurons, we
examined the reversibility of the PDGF-BB effects and found that
the PDGF-BB–mediated increase in neuronal excitability were
sustained during washout in 3 of 6 neurons, whereas PDGF-
BB–mediated depolarization was sustained during washout in all
neurons (n5 6). These results show that application of PDGF-BB
activates nociceptor-like DRG neurons and suggest that this
activation could potentially cause nociception when injected in
vivo.

To examine this notion more directly, we injected PDGF-BB
subcutaneously into the left hind paw of naive rats. Platelet-
derived growth factor-BB at 12 mg/mL did not produce
spontaneous nocifensive behavior (time spent licking, biting,
flinching, and guarding; supplementary Fig. 1A, available at
http://links.lww.com/PAIN/A758). We next increased the dose
and showed that intraplantar injection of 50 mg/mL PDGF-BB
caused ongoing pain, as reflected by a significant increase in
nocifensive behavior, after the injection of PDGF-BB but not its
vehicle (Fig. 1C). This increased spontaneous behavior started 25
minutes after PDGF-BB injection and lasted for about 15 minutes
(supplementary Fig. 1B, available at http://links.lww.com/PAIN/
A758). Importantly, intraplantar injection of a lower PDGF-BB
dose (12 mg/mL), although not effective in producing spontane-
ous nocifensive behavior, was sufficient to significantly decrease
mechanical paw withdrawal thresholds and paw withdrawal
latencies to noxious heat (Fig. 1D). The effect of 12 mg/mL of
PDGF-BB on mechanical threshold started 15 minutes after
PDGF-BB injection, peaked at 30 minutes, and ended 1 hour
after injection (Fig. 1D, right). The PDGF-BB–mediated decease
in thermal latency started 30 minutes after PDGF-BB injection
and wore off within 2 hours (Fig. 1D, left). These results suggest
that PDGF-BB injected into the intact paw activates primary
sensory neurons, thereby increasing their responsiveness to
noxious stimuli and producing nociception.

3.2. Platelet-derived growth factor-BB increases gain and
decreases threshold in nociceptor-like dorsal root
ganglion neurons

To elucidate the biophysical mechanism of PDGF-BB–mediated
hyperexcitability, we first determined whether PDGF-BB affects
passive and active membrane properties of nociceptor-like DRG

neurons. To maintain a steady membrane potential (Vm) at the
original resting membrane potential for each cell despite PDGF-
BB–mediated membrane depolarization, a negative DC current
was applied. This enabled us to accurately measure changes in
neuronal excitability in the presence of PDGF-BB. Treatment with
PDGF-BB, but not vehicle (supplementary Table 1, available at
http://links.lww.com/PAIN/A758), increased the frequency of
spikes evoked by depolarizing current steps (Fig. 2A), causing
a significant increase in neuronal gain (ie, slope of the f-I curve, m;
Fig. 2B). In addition, treatment with PDGF-BB significantly
decreased the action potential threshold (Figs. 2C–E and
Table 1) and increased the input resistance (Rin; Fig. 2F, also
see Table 1) in 6 of 8 nociceptor-like DRG neurons. The action
potential amplitude and width (Table 1) or the maximal rate of
change of themembrane voltage (dV/dt)max of the action potential
was not affected (Table 1). Application of vehicle did not alter the
excitable properties of neurons (supplementary Table 1, available
at http://links.lww.com/PAIN/A758).

3.3. Platelet-derived growth factor-BB inhibits IM in
nociceptor-like dorsal root ganglion neurons

The changes induced by PDGF-BB application, including mild
depolarization followed by action potential firing, increased spike
threshold without concomitant changes in spike amplitude or
width, and the increase in Rin (Table 1), have all been previously
associated with the inhibition of IM.

8,24,27,65 Therefore, we tested
whether the PDGF-BB–induced increase in neuronal excitability
was due to IM inhibition. We used a well-established voltage-
clamp protocol in perforated patch configuration41 to isolate IM
from other currents (Fig. 3A). Focal application of PDGF-BB
inhibited the IM in all (16 of 16) recorded neurons (Fig. 3A,middle,
Figs 3B and C, left, see also Fig. 7D). Subsequent bath
application of 10 mM of XE991, a specific IM blocker,66 did not
further inhibit IM in all recorded neurons (Fig. 3A, right, Fig. 3C,
left, see also Fig. 7D). Similar to the effect of PDGF-BB on
excitability (Figs. 1A andB), the PDGF-BB–mediated inhibition of
IM started 6 minutes after PDGF-BB application, and was
sustained at 9 minutes (Fig. 3D, see also Fig. 7D). In 6 of 9
cells, this PDGF-BB–mediated inhibition was reversed after 20
minutes of PDGF-BB washout (Fig. 3D). Focal application of
vehicle did not affect the amplitude of IM (Fig. 3C, right, see also
Fig. 7D). These results show that PDGF-BB leads to inhibition of
IM in nociceptor-like DRG neurons.

Importantly, in cells pretreated with 10 mM of XE991 to
completely block IM,

8 PDGF-BB did not further affect membrane
properties (thresholdbefore 5 235.1 6 1.9 mV, thresholdXE991 5
240.3 6 1.5 mV, thresholdXE9911PDGF 5 238.9 6 2.3 mV: for

Table 1

Parameters of excitability of nociceptor-like DRG neurons

before and after the application of PDGF (125 ng/mL).

Control PDGF P

Threshold (mV) (n 5 7) 227.06 6 1.35 231.00 6 1.98* 0.038

APMax (mV) (n 5 7) 45.51 6 2.21 45.37 6 1.95 0.94

Half-width (ms) (n 5 7) 2.62 6 0.38 2.56 6 0.31 0.8

Max. dV/dt (mV/ms) (n 5 7) 78.17 6 4.39 75.74 6 12.93 0.82

RInput (MV) (n 5 8) 289.84 6 66.21 412.26 6 85.42* 0.03

f-I slope (n 5 7) 0.008 1 0.002 0.026 1 0.008* 0.04

* P , 0.05, mean 6 SEM.

DRG, dorsal root ganglion; PDGF, platelet-derived growth factor.
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“before” vs“XE991” groups—P 5 0.004, for “XE991” vs “XE991
1 PDGF” groups—P 5 0.14; n 5 7, Student t-test) and
excitability (mBefore 5 0.009 1 0.003, mXE991 5 0.024 1 0.01,
mXE9911PDGF5 0.0241 0.02: for “before” vs “XE991” groups—P
5 0.03, for “XE991” vs “XE9911 PDGF” groups—P5 0.42; n5
6, Student t-test).

Finally, we examinedwhether in addition to IM inhibition, PDGF-
BB may also induce depolarization through additional mecha-
nisms, for example, through activation of transducer channels
resulting in PDGF-BB–mediated inward current. We performed
perforated patch recordings in voltage-clamp mode, holding the
cells at 265 mV. Platelet-derived growth factor-BB focally
applied onto the cells did not induce a significant inward current
in the recorded neurons (n 5 9, supplementary Figs. 2A and B,
available at http://links.lww.com/PAIN/A758). Subsequent bath
perfusion of capsaicin produced a substantial inward current
(supplementary Fig. 2A, available at http://links.lww.com/PAIN/
A758). These data suggest that PDGF-BB does not mediate
depolarization and neuronal firing by direct activation of cation
permeable transducer channels. It is noteworthy that although
analysis of all recorded neurons (n 5 9, supplementary Fig. 2B,
available at http://links.lww.com/PAIN/A758) did not show
difference in inward current levels before and after application

of PDGF, in 4 of 9 cells, PDGF-BB caused a 466 8.5-pA inward
current (P 5 0.02; one-way analysis of variance on these cells).
Such a small PDGF-BB–mediated inward current is consistent
with PDGF-BB–induced IM inhibition because blockade of IM,
which is outward at resting membrane potential, would likely
generate a small inward current.41

Taken together, our results indicate that IM inhibition is a main
mechanism underlying PDGF-BB–induced increase in intrinsic
neuronal excitability.

3.4. Platelet-derived growth factor-BB–induced inhibition of
IM, increased neuronal excitability, and pain hypersensitivity
are mediated by the platelet-derived growth factor receptor

It is widely accepted that PDGF promotes cell proliferation,
growth, and tissue healing through activation of the PDGFR.50

We therefore examined whether the PDGFR is required for
PDGF-BB–mediated neuronal hyperexcitability and pain hyper-
sensitivity. The addition of 10 mM of imatinib, a well-established
PDGFR inhibitor,36 to the bath solution prevented the PDGF-
BB–mediated blockade of IM in all (n5 7) recorded neurons (Fig.
4A,middle, Figs. 4B and C, see also Fig. 7D). In these neurons,
IM was fully inhibited by subsequent application of XE991

Figure 2.Platelet-derived growth factor-BB increases the excitability of nociceptor-like DRGneurons and increases theRin. (A) Representative traces of typical voltage
responses to 500ms current steps (shown inmiddle) recorded from the same neuron before (left) and after;15minutes of focal continuous application of 125 ng/mL
of PDGF-BB (right, representative of n 5 7). (B) Mean frequency–intensity (f-I) curves of DRG neurons recorded before (gray diamonds) and ;15 minutes after (red
inverted triangles) application of PDGF-BB.Note that PDGF-BB induced a significant increase in gain (m, dotted lines; *P, 0.05, paired t test; n5 7, see also Table 1).
(C) Superimposed representative traces of a single action potential recorded from the same neuron before (gray) and after (red) the application of PDGF-BB. Arrows
indicate the AP threshold, derived from the phase plots shown in (D). (D) Representative phase plots of rate of change of themembrane potential (dV/dt) vsmembrane
potential (Vm) during an action potential recorded from the same neuron before (gray) and 10 to 20minutes after the application of PDGF-BB (red). Arrows and dashed
lines indicate shift in threshold voltage andquantified in (E). (E) Thresholds for generation of actionpotentials calculated from the sameneuronsbefore and;15minutes
after application ofPDGF-BB (mean6SEM, *P,0.05, paired t test, n57). (F) Bar graphdepictingRin before (gray) and after;15minutesexposure toPDGF-BB (red);
*P, 0.05, paired t test, n5 8. Inset: representative typical voltage responses to 500ms,2100 pA current before (gray) and after (red) the treatmentwith PDGF-BB. All
measurements described in this figure were performed at the native resting potential of each cell, adjusted after PDGF-BB application by injecting the appropriate
repolarizing DC currents. AP, action potential; DRG, dorsal root ganglion; PDGF, platelet-derived growth factor.
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(Fig. 4A, right, Fig. 4C, see also Fig. 7D). These data indicate that
PDGF-BB inhibits IM in nociceptive DRG neurons through
activation of the PDGFR.

Furthermore, in cells treated with imatinib, focal continuous
application of PDGF-BB affected neither the passive membrane
properties of nociceptive neurons nor their excitability (Table 2). In
the presence of imatinib, PDGF-BB also failed to induce
membrane depolarization (255.74 6 1.9 mV vs 255.48 6 5.69
mV; Figs. 5A and B) or neuronal firing (Fig. 5A). Application of
imatinib alone for more than 15 minutes did not alter neuronal
excitability in all recorded neurons (Table 2) and did not
induce any changes in membrane potential (255.74 6 1.9 mV
vs 256.21 6 2.25 mV, Table 2). Collectively, these findings
indicate that the PDGFR is necessary to cause the hyperexcitability
induced by PDGF-BB application.

Importantly, we show that subcutaneous injection of imatinib in
vivo prevented the PDGF-BB–mediated decreases in both
mechanical withdrawal threshold and noxious heat paw with-
drawal latencies (Fig. 5C). Injection of imatinib alone did not exert
any effects on nocifensive behavior or sensitivity to noxious
thermal and mechanical stimuli (Fig. 5C). Taken together, these
results suggest that PDGF-BB, by activating the PDGFR, inhibits
IM and leads to nociceptive hyperexcitability and pain
hypersensitivity.

The abovementioned in vitro experiments on dissociated DRG
neurons suggest that PDGF-BB acts on PDGFR expressed by
nociceptive neurons. Platelet-derived growth factor-BB, which
we used also for in vivo injections (Figs. 1 and 5), primarily
activates the PDGF receptor subtype b (PDGFR-b3). Using
immunohistochemical staining, we showed that the majority of

Figure 3. Application of PDGF-BB leads to inhibition of IM in DRG neurons. (A) Voltage-clamp perforated patch recordings from DRG neurons showing families of
IM evoked by a series of 1-second, 5-mV hyperpolarizing voltage steps from a holding potential of 220 mV (shown in inset). The 3 subpanels show the current
responses before (left), after focal application of 125 ng/mL of PDGF-BB (middle), and after bath application of 10mMof XE991 on top of focal application of PDGF-
BB (right). The dotted line indicates zero current level. The current response obtained by stepping to 245 mV is shown at the bottom of each subpanel. The IM
relaxation was fitted with a biexponential line (red), which was extrapolated to the beginning of the voltage step. (B) Subtracted trace of IM evoked by stepping to
245 mV before the application of PDGF-BB minus IM trace evoked by stepping to 245 mV after PDGF. (C) Left, bar graph depicting mean 6 SEM of peak IM
amplitude (measured by stepping to245mV), before (gray), 10 minutes after the application of PDGF-BB (red), and 10minutes after the treatment with XE991 on
top of PDGF-BB (orange). **P, 0.01, ns, not significant, RM one-way ANOVA with post hoc Bonferroni test, n5 7 neurons. Right, same as left but showing that
a 10-minute application of vehicle (light gray) has no effect on IM amplitude, ns, not significant, *P, 0.05, RM one-way ANOVAwith post hoc Bonferroni test n5 5
neurons. (D) Peak IM amplitude (measured by stepping to245 mV, mean6 SEM), plotted vs time of application of PDGF-BB. Platelet-derived growth factor-BB
application is indicated by the arrow (time “0”). One-way ANOVAwith post hoc Bonferroni test, n5 13 neurons for 6minutes, n5 11 neurons for 9minutes. In 7 out
of 9 neurons,;15minutes washout of PDGF-BB led to full recovery of IM. ns, not significant; **P, 0.01. ANOVA, analysis of variance; DRG, dorsal root ganglion;
PDGF, platelet-derived growth factor; RM, repeated-measures.
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both nonpeptidergic (isolectin B4 [IB4]-positive) and peptidergic
(IB4-negative, calcitonin gene-related peptide [CGRP]-positive)
nociceptive neurons coexpress PDGFR-b (Fig. 6A, supplemen-
tary Table 2, available at http://links.lww.com/PAIN/A758).
Importantly, nociceptive IB4 or CGRP-expressing fibers and
bundles in the glabrous skin coexpress PDGFR-b (Fig. 6B).
These results, together with the PDGF-BB–mediated effects
shown above (Figs. 1–3), imply that PDGF-BB–mediated
activation of the PDGFR-b could account for the processes
underlying PDGF-BB–induced increase in nociceptive excitability
in vitro and pain hypersensitivity in vivo.

We then determined which PDGFR-b–mediated signaling
cascade was involved in inhibition of Kv7/M channels. It has

been demonstrated that in DRG neurons, bradykinin inhibits IM
through the activation of phospholipase Cg (PLCg).41 In general,
activation of PLC facilitates the hydrolysis of PIP2 into DAG and
IP3, which in turn promotes the mobilization of Ca21 from internal
stores, resulting in increase in [Ca21]i. Accordingly, we performed
measurements of changes in [Ca21]i from dissociated DRG
neurons to examine whether PDGF-BB could promote PLC
activity. To focus on the [Ca21]i rise from internal stores, we
omitted Ca21 from the extracellular solution. Under these
conditions, neither bath application of PDGF-BB (examined in
104 neurons in 3 plates, not shown) nor focal continuous puff
application onto individual cells (supplementary Figs. 3A and B,
available at http://links.lww.com/PAIN/A758) produced an

Figure 4. Inhibition of PDGFR prevents PDGF-BB–mediated IM attenuation. (A) Voltage-clamp perforated patch recordings fromDRG neurons treated before and
during the experiment with extracellular solution containing 10 mM of imatinib. Families of IM evoked by a series of 1-second, 5-mV hyperpolarizing voltage steps
from a holding potential of220mV (shown in inset). The 3 subpanels show the current responses in cells treatedwith imatinib, before (left), after focal application of
125 ng/mL of PDGF-BB (middle), and after bath application of 10mMof XE991 on top of focal application of PDGF-BB (right). The dotted line indicates zero current
level. The current response obtained by stepping to245 mV is shown at the bottom of each subpanel. (B) Subtracted IM trace, evoked by a245-mV step before
application of PDGF-BB from an IM trace evoked by the same step after PDGF-BB. (C) Bar graph depicting mean 6 SEM of peak IM amplitude (measured by
stepping to 245 mV) in cells treated with 10 mM of imatinib before (gray), 10 minutes after the application of PDGF-BB (blue), and 10 minutes after the bath
application of XE991 on top of PDGF-BB (orange). n5 7, ns, not significant, **P, 0.01, RM one-way ANOVA with post hoc Bonferroni test. ANOVA, analysis of
variance; DRG, dorsal root ganglion; PDGF, platelet-derived growth factor; RM, repeated-measures.
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increase in [Ca21]i. In the latter conditions, consequent applica-
tion of thapsigargin, used as a positive control to deplete
endoplasmic reticular Ca21 stores,64 produced a significant
increase in [Ca21]i (supplementary Figs. 3A and B, available at
http://links.lww.com/PAIN/A758). Hence, these data show that
the application of PDGF-BB does not produce release of Ca21

from internal stores in DRG neurons and suggest that the
PLCg-IP3 cascade is not likely to mediate PDGF-BB–induced
effects. We therefore examined whether another common
PDGFR-b–activated signaling cascade, the PI3Kinase (PI3K)
pathway,3 was involved in the PDGF-BB–mediated inhibition of
Kv7/M channels. We incubated DRG neurons in 20 nM of
wortmannin, a specific PI3K inhibitor61 and then examined the
effect of application of PDGF-BB on IM. Treatment with
wortmannin prevented PDGF-BB–mediated blockade of IM in all
(n 5 7) recorded neurons (Figs. 7A and B–D middle). In these
neurons, IM was inhibited by subsequent application of XE991
(Figs. 7A, C, and D right). These data suggest that the activation
of the PDGFR inhibits IM in nociceptive DRG neurons at least in
part through activation of the PI3K pathway.

3.5. Platelet-derived growth factor facilitates acute
inflammatory pain

Several reports have demonstrated that PDGF is released during
tissue inflammation and its receptors are acutely upregulated
after inflammation.5,43,68 Therefore, we studied whether PDGF/
PDGFR-induced sensitization played a role in the genesis
of inflammatory pain. Considering that intraplantar injection of
PDGF-BB in vivo produced short-lasting (15 minutes, see

Table 2

Parameters of excitability of imatinib (10 mM)-treated

nociceptor-like DRG neurons before and after the application

of PDGF (125 ng/mL).

Imatinib Imatinib 1 PDGF P

Threshold (mV) (n 5 5) 226.12 6 1.93 225.13 6 1.08 0.4

APMax (mV) (n 5 5) 48.18 6 2.6 44.57 6 4.08 0.16

Half-width (ms) (n 5 5) 1.82 6 0.18 1.79 6 0.14 0.79

Max. dV/dt (mV/ms) (n 5 5) 91.75 6 11.95 76.14 6 11.65 0.09

RInput (MV) (n 5 5) 328.14 6 98.62 310.04 6 88.27 0.48

VRest (mV) (n 5 5) 256.21 6 2.25 255.48 6 5.69 0.1

f-I slope (n 5 4) 0.013 1 0.007 0.009 1 0.006 0.76

Mean 6 SEM.

DRG, dorsal root ganglion; PDGF, platelet-derived growth factor.

Figure 5.PDGFR is required for PDGF-BB–induced spontaneous firing and hypersensitivity to pain. (A) Representative trace (7 of 7 neurons) of membrane voltage
changes in nociceptor-like cultured DRG neurons treated with 10mMof imatinib. In these conditions, focal application (marked by the horizontal bar) of 125 ng/mL
of PDGF-BB did not lead to membrane depolarization. Free-run recording was interrupted (marked by boxes) to examine the excitable properties of the neuron.
Dashed lines indicate resting potentials before drug application (257 mV). All recorded neurons (n5 7) showed no PDGF-BB–induced hyperexcitability, but fired
normally in response to a depolarizing current step (inset). (B) Mean6 SEM of changes in resting membrane potentialDV (Vt2 V0) after focal application of PDGF-
BB alone (red), vehicle (5 mMof HCl, light gray), or PDGF-BB on cells pretreated with imatinib (blue). Time point “Before 1” indicates the time where V0 values were
measured (3 minutes before application of either PDGF-BB or vehicle). Time point “Before 2” indicates the time just before application of either PDGF-BB or
vehicle. ns, not significant, *P , 0.05, **P , 0.01; ***P , 0.001; blue asterisks—comparison between “PDGF-BB” and “Vehicle” groups; light gray
asterisks—comparison between “PDGF-BB” and “Imatinib1 PDGF-BB” groups; black—comparison between “Imatinib1 PDGF-BB” and “Vehicle” groups. RM
2-way ANOVA with post hoc Bonferroni, n 5 5 cells in each group. The data of “PDGF-BB” and “Vehicle” is presented in Figure 1B and used here for the
convenient comparison between these groups and the “Imatinib1 PDGF-BB” group. Note that there is no significant difference between the “Imatinib1 PDGF-
BB” and the vehicle group. (C) Pawwithdrawal latency (PWL, radiant heat, left) andmechanical threshold (von Frey, right) after intraplantar injection of 12mg/mL of
PDGF-BB together with 12 ng/g of imatinib as compared to injection of imatinib alone (12 ng/g). n5 6 rats per group, ns, not significant, RM 2-way ANOVA with
post hoc Bonferroni. ANOVA, analysis of variance; DRG, dorsal root ganglion; PDGF, platelet-derived growth factor; RM, repeated-measures.
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Fig. 1C) nocifensive behavior and pain hypersensitivity that lasted
about 60 minutes (Fig. 1D), we examined whether PDGF
contributed to acute inflammatory pain. We first determined
whether PDGF levels were upregulated during the second stage
of formalin-induced nocifensive behavior, which reflects formalin-
induced acute cutaneous inflammation.1,2,33,63 Intraplantar in-
jection of saline did not induce upregulation of PDGF in the hind
paw (supplementary Fig. 4, available at http://links.lww.com/
PAIN/A758). Intraplantar injection of formalin (2%, 40 mL)
produced the stereotypical 2-phased increase in nocifensive
behavior (measured by time spent licking and biting, Figs. 8A and
B, gray). Western blot analysis of the injected paw examined 35
minutes after intraplantar injection of 2% formalin, at the time
point at which formalin-induced nocifencive behavior reaches its
maximal values (Figs. 8A and B, gray), showed high levels of
PDGF (supplementary Fig. 4, available at http://links.lww.com/
PAIN/A758). These data suggest that PDGF could be released
during formalin-induced acute cutaneous inflammation. To
strengthen this hypothesis, we examined the effect of PDGF
scavenging on the second stage of formalin-induced nocifensive
behavior. We hypothesized that if PDGF is released during
inflammation, its quenching would prevent activation of PDGFR
and therefore may reduce acute inflammatory pain. Considering
the observed in vitro and in vivo effects of PDGF-BB, which imply
possible involvement of PDGFR-b in the PDGF-mediated effect,
we used a protein constructed of the PDGFR-b extracellular
domains fused to Fc antibody fragments (PDGFR-b-Fc) to
scavenge PDGF. The PDGFR-b-Fc construct has been shown
to effectively scavenge released PDGF both in vitro and in
vivo.22,67 Indeed, coinjection of PDGFR-b-Fc together with
formalin significantly decreased the overall time spent licking
and biting in the second phase (Figs. 8A andC), but not in the first
phase (Figs. 8A and C). Intraplantar injection of PDGFR-b-Fc
(500 ng, 40mL) alone did not cause nocifensive behavior (Fig. 8A,
light green) and did not affect either mechanical paw withdrawal

thresholds or paw withdrawal latencies to noxious heat (supple-
mentary Fig. 5, available at http://links.lww.com/PAIN/A758).
This decrease in formalin-induced nocifensive behavior due to
PDGFR-b-Fc–mediated PDGF scavenging implies that PDGF
could be released during acute inflammation and facilitates
inflammatory pain.

To further support the idea that PDGF may have a role in
inflammatory pain, we examinedwhether blockade of the PDGFR
by imatinib would affect the second phase of the formalin-
induced responses (Figs. 8B and C). We found that injection of
60 ng/g of imatinib together with formalin significantly decreased
the nocifensive behavior in the second phase of formalin-induced
responses (Figs. 8B andC). Considering that imatinib alone does
not cause analgesia (Fig. 5C; see also Refs. 22,67), these results
suggest that PDGFR activation is an important factor in the
genesis of acute inflammatory pain.

It is noteworthy that the effect of sequestration of PDGF or
blockade of PDGFR significantly reduces but does not abolish
formalin-induced nocifensive behavior (Figs. 8A–C). Inhibition of
PDGF signaling caused less analgesia than the systemic
administration of either 5 mg/kg or 1.5 mg/kg of morphine (Fig.
8C). Therefore, we suggest that PDGF partially contributes to the
formalin-induced inflammatory pain.

We next investigated whether PDGF signaling could also be
involved in mediating complete Freund’s adjuvant (CFA)-induced
subacute inflammatory pain. Injection of imatinib into the CFA-
treated paw did not ameliorate thermal or mechanical CFA-
induced sensitization measured on days 3 to 5 after CFA
(supplementary Fig. 6, available at http://links.lww.com/PAIN/
A758), suggesting that PDGF signaling may be important for
maintaining acute but not subacute inflammatory pain.

Taken together, our results suggest that during acute
inflammation PDGF levels rise and promote sensitization of
nociceptors through IM inhibition, thus partially contributing to
acute inflammatory pain.

4. Discussion

Here, we show, for the first time, that PDGF facilitates acute
inflammatory pain. This facilitation occurs, at least in part, through
activation of the PDGFR because its pharmacological inhibition
significantly reduces inflammatory pain. Moreover, we demon-
strated that PDGF-BB–mediated activation of the PDGFR leads
to inhibition of IM through the PI3K signaling cascade, thereby
activating nociceptive neurons and enhancing their excitability.

The data we presented from dissociated nociceptor-like
neurons show that activation of PDGFR leads to inhibition of IM.
This slow, noninactivating K1 current possesses biophysical
properties that are tuned to control subthreshold excitability in
many types of neurons. In nociceptive neurons, the majority of IM
is mediated by activation of KV7.2/3 (KCNQ2/3) channels.23,47,51

These channels are active near resting potential, such that at
subthreshold potentials, they produce an outward current, thus
clamping the resting potential in a hyperpolarized range.24

Inhibition of IM by either XE991 or proinflammatory mediators
such as bradykinin and proteases has been shown to sensitize
nociceptive neurons by increasing evoked firing and decreasing
the action potential threshold.8,40,41 Moreover, we recently
demonstrated that inhibition of IM in nociceptive neurons with
XE991 leads to a gradual depolarization followed by a slow onset
(4-6 minutes) of ongoing action potential firing.8 These findings
suggest that inhibition of IM alone in nociceptive neurons, similar
to previous reports in CA1 pyramidal cells58,65 and in spinal motor
neurons,42 is sufficient to produce spontaneous firing.8

Figure 6. PDGFR-b is expressed in nociceptive DRG neurons and in
nociceptive fibers. (A) PDGFR-b is colocalized with markers of nociceptive
neurons (IB4, CGRP) shown by immunohistochemistry of rat DRG. (B)
Immunohistochemical analysis of rat skin showing the expression of PDGFR-b
in fibers also expressing the nociceptive markers IB4 and CGRP. Arrows
indicate the double-labeled axons. CGRP, calcitonin gene-related peptide;
DRG, dorsal root ganglion.
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Importantly, these results imply that PDGF-BB–mediated in-
hibition of IM could underlie PDGF-BB–induced depolarization
and ongoing activity.

There are other potential mechanisms that could explain the
PDGF-BB–mediated hyperexcitability that we have observed.
We ruled out the possibility that PDGF-BB, like bradykinin or
histamine, activates transducer channels7,10,60 by showing
that application of PDGF did not produce a substantial
inward current. It is also unlikely that PDGF affects voltage-
gated sodium channels because in this case, one would expect
to see a significant increase in (dV/dt)max,

11,28,34 which we did
not observe after the application of PDGF-BB (Fig. 2 and
Table 1). Moreover, we showed that application of PDGF-BB
led to a significant increase in the Rin, suggesting that PDGF-BB

blocks ion conductances. It is worth mentioning that the PDGF-
BB–mediated increase in Rin was significant even under
perforated patch conditions, where the increase in Rin might
be masked by the nystatin-mediated decrease due to
gradual membrane perforation.55 Platelet-derived growth
factor could also increase Rin by blocking Cl– conductance.
However, considering the reversal potential of Cl– in nociceptive
neurons, inhibition of Cl– conductance would likely lead to
hyperpolarization.19 We cannot, however, rule out the
possibility that PDGF-BB blocks other potassium or leak
conductances or activates sodium TTX-resistant persistent
sodium channels (Nav 1.9), or low threshold calcium
channels which could contribute to its overall effect on
excitability.

Figure 7. Inhibition of PI3K pathway prevents PDGF-induced inhibition of IM. (A) Voltage-clamp perforated patch recordings from DRG neurons pretreated before
the experiment and perfused during the experiment with extracellular solution containing 20 nM of wortmannin. Families of IM evoked by a series of 1-second, 5-
mV hyperpolarizing voltage steps from a holding potential of 220 mV (shown in inset). The 3 subpanels show the current responses in cells treated with
wortmannin, before (left), after the focal application of 125 ng/mL of PDGF-BB (middle), and after the bath application of 10mMof XE991 on top of focal application
of PDGF-BB (right). The dotted line indicates zero current level. The current response obtained by stepping to245mV is shown at the bottomof each subpanel. (B)
Subtracted trace of IM trace evoked by stepping to245mV before application of PDGF-BBminus IM trace evoked by stepping to245mV after PDGF-BB. (C) Bar
graph depicting mean6 SEM of peak IM amplitude in cells pretreated with 20 nM of wortmannin and measured by stepping to245 mV, before (gray), 10 minutes
after the application of PDGF-BB (yellow), and 10minutes after the bath application of XE991 on top of PDGF-BB (orange). ns, not significant, *P, 0.05, RM one-
way ANOVA with post hoc Bonferroni test, n5 7. (D) Comparison of changes in peak IM amplitude (measured by stepping to245 mV, mean6 SEM) with time,
after focal application of PDGF-BB (red circles), vehicle (light gray diamonds), PDGF-BB onto cells treated with imatinib (blue inverted triangles), and PDGF-BB
onto cells treated with wortmannin (yellow triangles). Black letters “ns”, comparison by the time points between the “Vehicle,” “Imatinib 1 PDGF-BB,” and
“Wortmannin1 PDGF-BB” groups; light gray letters and asterisks—comparison by the time points between the “PDGF-BB” and the “Vehicle” groups; blue letters
and asterisks—comparison by the time points between the “PDGF-BB” and the “Imatinib1 PDGF-BB” groups; orange letters and asterisks—comparison by the
time points between the “PDGF-BB” and the “Wortmannin1PDGF-BB” groups. RM2-way ANOVAwith post hocBonferroni test, n5 9 for the “PDGF-BB” group;
n5 7 neurons for the “Imatinib1PDGF-BB” and the “Wortmannin1PDGF-BB” groups, n5 4 for the “Vehicle” group. ns, not significant; *P, 0.05; ***P, 0.001.
In each experiment, 10 minutes after the application of either PDGF-BB or vehicle, XE991 was added for 7 minutes (light gray shading). At time point “XE991,” the
statistical comparison shown is between the peak IM amplitude values at the “9minute” time point and the values after;7minutes of XE991. ns, not significant; *P
, 0.05; ***P , 0.001. ANOVA, analysis of variance; DRG, dorsal root ganglion; PDGF, platelet-derived growth factor; RM, repeated-measures.
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The above arguments, taken together with our data showing
that inhibition of IM by XE991 prevented the effect of PDGF-BB on
nociceptive excitability, highlight IM as the most probable target
for PDGF-BB action.Moreover, Linley et al. showed that inhibition
of IM in vivo led to thermal and mechanical hyperalgesia and
produced nocifensive behavior,40,41 similar to the effect of PDGF-
BB in vivo reported here. This suggests that PDGF-BB–mediated
inhibition of IM could potentially account for the behavioral effects
of PDGF.

The question remains, however, whether PDGF facilitation of
inflammatory pain is mediated through PDGF-induced inhibition
of IM. Our results showing that (1) imatinib prevented PDGF-
BB–mediated inhibition of IM; (2) imatinib prevented the PDGF-
BB–mediated increase in nociceptive excitability; (3) imatinib
prevented PDGF-BB–mediated pain hypersensitivity; and (4)
imatinib reduced formalin-induced inflammatory pain strongly
suggest that PDGF-BB facilitates inflammatory pain by IM
inhibition.

Our pharmacological results using the PDGFR blocker imatinib
indicate that PDGFR is the starting point of the PDGF-mediated
effects, which culminate in the blockade of IM. However, imatinib
is not completely selective for the PDGFR. It was previously
demonstrated that about 0.1 mg/g of imatinib injected intra-
plantarly in vivo impaired detection of noxious thermal stimuli by
nociceptive neurons through inhibiting c-kit receptors.46 Here,
we used a 10,000 X lower dose of imatinib and showed that
intraplantar injection of 12 to 60 ng/g of imatinib alone did not
exert any effects on the nocifensive behavior or sensitivity to
noxious thermal and mechanical stimuli (Fig. 5C, see also
Fig. 8B).

Recent transcriptome data show that both PDGFR-a and
PDGFR-b are expressed in nociceptive neurons.18 Imatinib
inhibits both PDGFR-a and PDGFR-b. Our results using PDGF-
BB, which primarily activates PDGFR-b, suggest that PDGFR-b
is part of the cascade by which PDGF inhibits IM, and leads to
nociceptive hyperexcitability and pain hypersensitivity. The fact
that PDGF-BB scavenging produces similar effects to imatinib
further supports this hypothesis.

We have shown that PDGFR-b–mediated activation of PI3K is
required to inhibit IM. PIP2 is required to open Kv7/M channels,
whereas activation of GPCRs causes IM inhibition through PLC-
induced PIP2 depletion.62,70 Moreover, IP3-induced [Ca21]i
increases35 and PKC activation38,44 have also been implicated
in IM inhibition. Our results demonstrating that PDGF-BB did not
cause intracellular Ca21mobilization suggest that in nociceptors,
the PDGFR is not coupled to PLCg activation. The results
showing that wortmannin prevented PDGF-BB–mediated IM
inhibition suggest that the PI3K pathway is responsible for the
inhibition of IM. However, the exact mechanism by which PI3K
signaling regulates Kv7/M channels is unknown and warrants
further investigation.

In addition to the prominent role of PDGF and its receptors in
development3,50 and cancer,21 several reports previously de-
scribed that PDGF participates in inflammatory processes.30,49,68

Here, we demonstrated that scavenging of PDGF significantly
reduced inflammatory pain after formalin injection. These data
indicate that PDGF contributes to acute inflammatory pain. The
latter conclusion is further supported by our results showing that
the pharmacological inhibition of PDGFR by imatinib also
significantly reduces acute formalin-induced nocifensive behav-
ior. The time kinetics of PDGF effects on dissociated neurons in
vitro could theoretically parallel time kinetics of the PDGF-
mediated increase in pain sensitivity in vivo (Fig. 1). But, could it
explain PDGF-mediated facilitation of inflammatory pain?

Figure 8. Platelet-derived growth factor scavenging and inhibition of PDGFR
reduces formalin-induced inflammatory pain. (A) Mean 6 SEM of duration of
paw licking and biting per 5 minutes plotted vs time after injection of 2%
formalin with vehicle (PBS, gray squares); 2% formalin with 500 ng/40 mL of
PDGFR-b-Fc (orange circles) and 500 ng/40 mL of PDGFR-b-Fc alone (light
orange triangles). RM two-way ANOVAwith post hoc Bonferroni, n5 6 rats per
group; black bar and asterisks—comparison between the “Formalin1 vehicle”
and the “Formalin 1 PDGFR-b-Fc” groups; light orange bar and asterisks—
comparison between the “PDGFR-b-Fc alone” and the “Formalin 1 PDGFR-
b-Fc” groups. (B) Mean 6 SEM of duration of paw licking and biting per 5
minutes plotted vs time after injection (at time “0”) of 2% formalin (dark gray);
2% formalin together with 60 ng/g of imatinib (blue) and 60 ng/g of imatinib
alone (light blue). RM 2-way ANOVA with post hoc Bonferroni; n 5 6 rats per
group, ns, not significant; *P , 0.05; **P , 0.01, ***P , 0.001 black bar and
asterisks—comparison between the “Formalin1 vehicle” and the “Formalin1
imatinib” groups; light blue bar and asterisks—comparison between the
“Imatinib alone” and the “Formalin1 imatinib” groups. (C) Summary ofmean6
SEMof total duration of time spent in licking and biting in phase I (0-10minutes)
and phase II (10-60 minutes) after injection of 2% formalin with vehicle (dark
gray); 2% formalin together with 500 ng/40 mL of PDGFR-b-Fc (orange); 2%
formalin together with 60 ng/g of imatinib (blue); 2% formalin together with 1.5
mg/kg (green) and 5 mg/kg of morphine (dark green) Student t-test; ns, not
significant; *P , 0.05, **P , 0.01; ***P , 0.001; n 5 6 animals in all groups
apart from the “Formalin1 vehicle” group containing n5 12 animals. ANOVA,
analysis of variance; PDGF, platelet-derived growth factor; RM, repeated-
measures.
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Increases in expression levels of PDGFR, in particular PDGFR-b,
startsminutes after injury and persist throughout the inflammatory
process.43 Our data showing that PDGF levels are increased 35
minutes after injection of formalin and that scavenging of PDGF
reduced pain in the model of formalin-induced inflammation
suggest that PDGF is rapidly released during inflammation. This
rapid release, followed by activation of PDGFR, which are acutely
expressed after inflammation43 could, through inhibition of IM,
participate in the generation of formalin-induced inflammatory
pain. It is noteworthy that blockade of PDGFR or scavenging of
PDGF-BB significantly reduced, but did not abolish, formalin-
induced nocifensive behavior, and provided less analgesia than
the systemic administration of either 5 mg/kg or 1.5 mg/kg of
morphine (Fig. 8C). These data suggest that PDGF-BB partially
contributes to formalin-induced inflammatory pain.

Although PDGF was initially discovered in platelets, and
platelets have been shown to play a role in nociceptive
sensitization,54 there are several other potential sources for
release in both neural and nonneural tissues. Platelet-derived
growth factor is expressed in DRG neurons26,57 as well as both
myelinated and unmyelinated peripheral nerve fibers.26 Platelet-
derived growth factor expression has also been demonstrated in
keratinocytes.4 Thus, there are a number of potential sources for
PDGF release that could mediate the nociceptive sensitization
shown here. Additional experiments will be needed to clarify the
specific cell types involved.

To the best of our knowledge, this is the first study suggesting
that PDGF plays a role in acute inflammatory pain. Previous
reports have shown the involvement of PDGFR-a and PDGF in
chronic neuropathic or cancer pain.48,69 Platelet-derived growth
factor is released from injured spinal nerves and contributes to
neuropathic pain.22 However, the biophysical mechanisms
underlying the effect of PDGF in neuropathic pain are not known.
In a bone cancer pain model, increased PDGF expression in
spinal cord neurons and glial cells was observed, and intrathecal
injection of siRNA against PDGF reduced thermal and mechan-
ical hyperalgesia.69 Unrelated to PDGF activity, suppression of
Kv7/M-current in spinal cord and DRG neurons has been
implicated as an important causal factor for bone cancer
pain.16,71 Considering these findings, it will be important to
determine whether PDGF also modulates cancer pain and
neuropathic pain by IM inhibition.

In conclusion, our findings introduce PDGF as a new “spice” in
the inflammatory soup. By targeting the nociceptive Kv7/M-
channels through the activation of the PI3K cascade, PDGF
causes neuronal hyperexcitability and increases inflammatory
pain. Moreover, we demonstrated that this effect was reduced by
the clinically used anticancer agent imatinib, suggesting the
possibility of an additional clinical use of imatinib for the treatment
of inflammatory pain. Our results also position nociceptive Kv7/M-
channels as a pivotal target for the convergence of inflammatory
mediators in the production of pain.
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