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Activin Acutely Sensitizes Dorsal Root Ganglion Neurons
and Induces Hyperalgesia via PKC-Mediated Potentiation of
Transient Receptor Potential Vanilloid I

Weiguo Zhu,' Pin Xu,? Fernando X. Cuascut,? Alison K. Hall,? and Gerry S. Oxford'
IStark Neurosciences Research Institute and Department of Pharmacology and Toxicology, Indiana University School of Medicine, Indianapolis, Indiana
46202, and *Department of Neurosciences, Case Western Reserve University, Cleveland, Ohio 44106

Pain hypersensitivity is a cardinal sign of tissue damage, but how molecules from peripheral tissues affect sensory neuron physiology is
incompletely understood. Previous studies have shown that activin A increases after peripheral injury and is sufficient to induce acute
nociceptive behavior and increase pain peptides in sensory ganglia. This study was designed to test the possibility that the enhanced
nociceptive responsiveness associated with activin involved sensitization of transient receptor potential vanilloid I (TRPV1) in primary
sensory neurons. Activin receptors were found widely distributed among adult sensory neurons, including those that also express the
capsaicin receptor. Whole-cell patch-clamp recording from sensory neurons showed that activin acutely sensitized capsaicin responses
and depended on activin receptor kinase activity. Pharmacological studies revealed that the activin sensitization of capsaicin responses
required PKCe signaling, but not PI3K (phosphoinositide 3-kinase), ERK (extracellular signal-regulated protein kinase), PKA, PKCa/3,
or Src. Furthermore, activin administration caused acute thermal hyperalgesia in wild-type mice, but not in TRPV1-null mice. These data
suggest that activin signals through its own receptor, involves PKCe signaling to sensitize the TRPV1 channel, and contributes to acute
thermal hyperalgesia.
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Introduction
A well recognized adjunct to tissue damage and repair is the
somatosensory tenderness around a wound that triggers nocifen-
sive behaviors (e.g., withdrawal) that serve to guard against addi-
tional damage during the healing process. Recent evidence sug-
gests that activins, members of the transforming growth factor 8
(TGEP) superfamily, play an important role in this response to
tissue damage.

Activin ligands act primarily as homodimers of BABA (activin
A) or BBBB (activin B) binding to heteromeric transmembrane
receptors, which signal through either canonical (e.g., Smad) or
atypical [e.g., Erk (extracellular signal-regulated protein kinase)]
pathways to affect cell function (Pangas and Woodruff, 2000).
Recent attention has focused on the role of activins in tissue
repair and wound healing. Skin damage, systemic inflammation,
and arthropathies result in dramatic elevations in activin expres-
sion (Hubner et al., 1996, 1997; Munz et al., 1999a; Jones et al.,
2000, 2004; Phillips et al., 2001; Cruise et al., 2004). Transgenic
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overexpression of activin A (Munz et al., 1999b) or of the activin-
binding protein, follistatin (Wankell et al., 2001), in mice results
in accelerated or retarded wound healing, respectively.

Recent evidence suggests that activin itself causes both acute
and prolonged tactile allodynia in vivo (Xu et al., 2005). Activin
has been shown to increase expression of calcitonin-gene related
peptide (CGRP) (Ai et al., 1999; Cruise et al., 2004), a peptide
marker of the major subset of peripheral nociceptors that may
contribute to the prolonged phase of hyperalgesia (Urban et al.,
1994). However, because sensitization of nociception by activin
occurs within 60 min of administration, the underlying mecha-
nisms of this acute response are unlikely to be transcriptional;
rather, it is more likely that posttranslational events underlie the
phenomenon. Increasing evidence has linked many inflamma-
tory mediators elevated in both acute and chronic pain condi-
tions to sensitization of the capsaicin receptor ion channel [tran-
sient receptor potential vanilloid I (TRPV1)] through a variety of
posttranslational mechanisms (Premkumar and Ahern, 2000;
Bhave et al., 2002, 2003; Hu et al., 2002; Numazaki et al., 2002;
Mohapatra and Nau, 2003). For example, nerve growth factor
(NGF), prostaglandins (PGE2), protons, bradykinin (BK), and
serotonin (5-HT) are known to sensitize TRPV1 through both
common and distinct signaling pathways (Lopshire and Nicol,
1998; Shu and Mendell, 2001; Bonnington and McNaughton,
2003; Sugiuar et al., 2004; Zhuang et al., 2004; Ahern et al., 2005;
Zhang et al., 2005; Stein et al., 2006; Zhu and Oxford, 2007).
Furthermore, TRPV1-null mice exhibit largely normal acute pain
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behaviors, but not enhanced pain behaviors in response to in-
flammatory challenges (Caterina et al., 2000; Davis et al., 2000).

We sought to examine the possibility that the enhanced pain
responsiveness associated with direct activin administration or its
elevation during injury might involve sensitization of TRPV1 in
primary sensory neurons. Using electrophysiological, pharmaco-
logical, biochemical, and behavioral approaches, we have con-
firmed such a link and have identified the signal transduction
events connecting activin receptor activation to enhanced
TRPV1 activity.

Materials and Methods

Reagents

Activin A was purchased from R&D Systems (Minneapolis, MN) and
reconstituted in sterile 0.1% BSA saline at 10 pg/ml as stock solution. The
activin receptor-like kinase 4 (ALK4) inhibitor SB431542 was purchased
from Tocris (Ellisville, MO) and dissolved in dimethylsulfoxide (DMSO)
at 50 mm stock solution. The mitogen-activated protein (MAP) kinase
kinase (MEK) inhibitors PD98059 and U0126, phosphoinositide
3-kinase (PI3K) inhibitor LY294002, c-Src tyrosine kinase inhibitor PP2,
protein kinase A (PKA) inhibitor H89, protein kinase C (PKC) inhibitor
bisindolylmaleimide I (BIM), PKC inhibitory peptide (PKC 19-31),
PKCe translocation inhibitor peptide (EAVSLKPT) (PKCe TIP), nega-
tive control scrambled peptide (LSETKPAV) (PKCe NCP), and the
PKCoa/B inhibitor G66976 were all purchased from Calbiochem (San
Diego, CA) and dissolved in DMSO or H,O as stock solutions. All stock
solutions were aliquoted and stored at —80°C until use. ActRIB mono-
clonal antibody (ACVR1B, M09) was purchased from Abnova (Taipei
City, Taiwan), ActRII monoclonal antibody was purchased from Gene-
Tex (San Antonio, TX). ActRIB, ActRII, and ActRIIB polyclonal anti-
bodies were generous gifts from Dr. Wylie Vale (Salk Institute, San Di-
ego, CA). Primary goat polyclonal antibodies to activin receptors were
also purchased from R&D Systems (RIA catalog #AF637; RIB catalog #
AF222; RIIB catalog #AF339; RIIA catalog #AF340). PKCe polyclonal
antibody was purchased from Assay Designs (Ann Arbor, MI). Rat
TRPV1 C-terminal antibody was raised in a rabbit against amino acid
residues 816—838 conjugated to keyhole limpet hemocyanin using a
commercial service (Covance, Princeton, NJ). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and actin monoclonal antibodies
were purchased from Millipore (Billerica, MA). All other reagents were
purchased from Sigma (St. Louis, MO).

Adult dorsal root ganglion cell culture

Sprague Dawley rats (Harlan, Indianapolis, IN) were maintained at the
Laboratory Animal Resource Center of Indiana University School of
Medicine. Animals were anesthetized with isoflurane and then decapi-
tated, which is consistent with the recommendations of the Panel on
Euthanasia of the American Veterinary Medical Association. Dorsal root
ganglion (DRG) neurons from young adult Sprague Dawley rats (150—
200 g) were dissociated and cultured as described previously (Koplas et
al,, 1997; Shu and Mendell, 1999). Dissociated cells were plated on poly-
D-lysine-coated glass coverslips and maintained in DMEM (Invitrogen,
Grand Island, NY) supplemented with 10% fetal bovine serum (FBS;
Hyclone, Logan, UT) and 100 U/ml penicillin and 100 mg/ml strepto-
mycin for 16—18 h at 37°C under 5% CO,.

Electrophysiology

Currents were recorded under voltage clamp by whole-cell patch record-
ing methods. In all experiments, the holding potential was —60 mV.
Electrodes (N51A borosilicate glass) exhibited resistances of 2—5 M{).
The standard external solution (SES) contained (in mu; all from Sigma):
145 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, and 10 glucose, pH 7.3.
The internal solution consisted of (in mm): 130 K-gluconate, 10 EGTA, 1
MgCl,, 1 CaCl,, 10 HEPES, and 2 Mg-ATP, pH 7.4. Data were collected
using an Axopatch 200A patch-clamp amplifier, Digidata 1200 interface,
and pClamp 7.0 software (Molecular Devices, Foster City, CA), filtered at
1 kHz, and sampled at 5 kHz.
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Drug treatment

Two capsaicin challenges (50 nm, 40 s) were delivered to cells from a
quartz capillary (250 wm inner diameter; Polymicro Technologies, Phoe-
nix, AZ) with a 10 min interval between challenges. External solutions
with 0.1% BSA saline solution (control), 10 ng/ml activin A (experi-
ment), or 10 ng/ml activin A plus various pharmacological reagents (in-
terference) were superfused during the 10 min interval. For experiments
assessing pharmacological interference with the activin effect, a 10 min
pretreatment with the relevant inhibiting reagent preceded recording.

Immunocytochemistry

Isolated DRG neurons. DRG neurons were cultured overnight, rinsed
with HBSS, and fixed with 4% paraformaldehyde for 20 min at room
temperature. After three PBS rinses, neurons were permeabilized with
0.1% Triton X-100 plus 5% goat serum in PBS for 30 min at 37°C.
Primary antibody (1:5000 polyclonal TRPV1; 1:200 monoclonal ActRIB
or ActRII antibodies; or 1:1000 to 1:500 polyclonal ActRIB, ActRII, and
ActRIIB) were applied overnight at 4°C. After washing, secondary anti-
body (1:20,000 goat anti-rabbit Alexa 594 or 1:2000 goat anti-mouse
Alexa 488) was applied for 1.5 h at 37°C, and cells were rinsed well and
mounted in 4',6'-diamidino-2-phenylindole = (DAPI)-containing
Vectashield.

Adult DRG sections. Adult rats were perfused with 4% paraformalde-
hyde/0.1 m PO,, pH 7.4, and lumbar DRGs were dissected and postfixed
for 1 h at room temperature. Ganglia were transferred to 30% sucrose at
4°C overnight to cryoprotect the tissue. After embedding in OCT (opti-
mal cutting temperature medium), 10 wm sections were collected on
gelatin-coated slides. After washing in PBS, slides were incubated in di-
lution buffer for 1 h containing Triton X-100 as above. Primary goat
polyclonal antibodies to activin receptors obtained from R&D Systems
(RIA catalog #AF637; RIB catalog # AF222; RIIB catalog # AF339; RIIA
catalog #AF340) were used at 5-10 ug/ml in dilution buffer and applied
to slides overnight in a humid chamber. After washes, slides were incu-
bated in biotinylated donkey anti-goat IgG at 1:300 in dilution buffer for
2 h at room temperature, washed, and developed with a diaminobenzi-
dine substrate after avidin—biotin amplification (Vectastain kit). No re-
activity was observed in control studies in which primary antibody was
omitted.

PKCe translocation

DRG neurons were cultured overnight and stimulated by vehicle, 300 nm
phorbol-12-myristate-13-acetate (PMA) for 120 s (positive control), 1
M BK for 30's, or 10 ng/ml activin A for 30, 300, or 600 s. In some cases,
neurons were pretreated with the activin receptor ActRIB antagonist
SB431542 (20 uMm) for 10 min. Neurons on coverslips were fixed with 4%
paraformaldehyde (w/v) plus 4% sucrose (w/v) in 50% PBS (Invitrogen)
for 20 min at 37°C. After rinses in PBS containing 0.2% fish skin gelatin
(w/v; Sigma) (PBS/FSG), neurons were permeabilized with 0.1% Triton
X-100 in PBS for 30 min at 37°C. Fixed neurons were then exposed to
primary polyclonal anti-PKCe (Assay Designs) overnight at 4°C before
three times rinse with PBS/FSG and labeling with 1:20,000 goat anti-
rabbit Alexa 594 (Invitrogen) secondary antibody. Vectashield contain-
ing DAPI (Vector Laboratories, Burlingame, CA) was used as mounting
medium.

Reverse transcriptase-PCR

Total RNA was extracted using RNAEasy kits from Qiagen (Valencia,
CA) according to the manufacturer’s instructions. The resulting RNA
samples were digested with RNase-free DNase at 37°C for 1 h to remove
the trace genomic DNA contamination and followed by phenol-
chloroform extraction and alcohol precipitation. The quality and integ-
rity of resulting RNA samples were checked by gel electrophoresis and
spectrophotometry. Two micrograms of RNA were denatured with 1 um
oligo dT (dT 15) at 70°C for 5 min, followed by reaction with MMLV
reverse transcriptase at 42°C for 1 h to synthesize cDNA. cDNA samples
(1 ul) were used as template for the PCR by the following protocol: 94°C
for 5 min, then 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1
min, followed by 72°C for 7 min. The primers for amplification were as
follows: ActRI (sense), 5'-TCTGTGCTAATGATGATGGCTCTCC-3';
ActRI (antisense), 5 -TTCTGCGATCCAGGGAAGGATTTC-3'; Ac-
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tRIB (sense), 5'-TTGAGGAAATGCGAAAGGTCG-3"; ActRIB (anti-
sense), 5'-GGGACAAAGTCTTCTTGATGC-3"; ActRII (sense), 5'-
CCATCTCTTGAAGATATGCAGGA-3"; ActRII (antisense), 5'-GTG-
ACCACTGTTACAATGTCCTC-3'; ActRIIB (sense), 5'-CTTTGTG-
GCTGTGAAGATCTTC-3"; and ActRIIB (antisense), 5'-CATTCTT-
GCTTTTGAACTCCCTG-3' (Al et al., 1999). The resulting PCR prod-
ucts were separated in a 2% agarose gel.

Western blotting

Thirty thousand neurons in each well of a 12-well dish were maintained
overnight in growth medium described above. After rinsing once with PBS,
new medium without FBS was added to the neurons for 4 h, followed by
control vehicle, NGF (100 ng/ml), or activin A (1.0, 2.5, 5.0, or 10.0 ng/ml)
for 10 min. After two rinses with PBS, neurons were lysed with buffer (30 mm
Tris, pH 7.4, 150 mm NaCl, 1% Triton X-100, 0.1% SDS, 1 mm PMSF, 10 mm
EDTA, 1 mm Na,VO;, 160 mm NaF). The protein concentrations of the
lysates were determined using a BCA Protein Assay Kit (Pierce, Rockford,
IL). Protein (30—50 ug) from DRG neurons was separated by approximately
6—10% SDS-PAGE and transferred to PVDF membrane. After a 30 min
incubation with blocking buffer (Licor, Lincoln, NE), membranes were in-
cubated with primary antibody (1:1000 for rabbit ERK, pERK, Akt, pAkt;
1:500 for rabbit TRPV1 C-terminal antibody; 1:2000 for mouse GAPDH or
actin antibody; 1:200 for mouse anti-ActRIB or -ActRII antibody; 1:1000 for
rabbit anti-ActRIB, -ActRII, and -ActRIIB antibody) for 1.5-2 h at room
temperature. After three TBS-T washes, the membranes were incubated with
1:20,000 goat anti-rabbit antibody conjugated with AlexaFluor 680 or
1:10,000 goat anti-mouse antibody conjugated with infrared dye 800 (In-
vitrogen) plus 0.5% SDS for 1.5 h at room temperature. After three TBS-T
washes, the membranes were scanned by Odyssey (Licor) at channel 700
or 800.

Behavioral assays of thermal hyperalgesia and tactile allodynia in
wild-type or TRPVI-null mice

C57BL/6] and TRPV1-null mice (B6.129X1-Trpvltm1]Jul/J, backcrossed to
C57BL/6] for 10 generations; The Jackson Laboratory, Bar Harbor, ME) 8
weeks of age were used for behavioral studies, and animal protocols were
approved by the Institutional Animal Care and Use Committee at Case
Western Reserve University School of Medicine. Mice were habituated to
plastic chambers for 1 h per time, twice a day and 3 continuous days. Before
each test, the mice were habituated for 1 h. In all experiments, the experi-
menter was blinded to the genotypes of the mice being analyzed. Mice were
anesthetized with 3% isoflurane inhalation anesthetic, both legs were shaved,
and 5 ul of saline or 250 ng/5 ul of carrier-free activin A (R&D Systems) was
injected to the lateral ankle skin with a 26 gauge needle connected to a 25 ul
Hamilton syringe. Basal nociceptive responses were collected at 1, 24, and
48 h. Thermal hyperalgesia was detected by a Hargreaves test (Hargreaves et
al., 1988) (Ugo Basile plantar analgesia instrument; Ugo Basile, Comerio,
Italy) at 1, 24, and 48 h. A mobile radiant heat source was located under the
glass table and focused onto the plantar area of the hindpaw. Paw withdrawal
latencies (PWLs) were recorded automatically. The intensity of the radiant
heat gave a basal latency of 45 s on an intact normal mouse. Each trial was
repeated five times at 4 min intervals, and the PWL is the average of the five
responses. Responses to mechanical stimulation in mice were assessed using
calibrated von Frey filaments using the up—down paradigm as previously
performed for assessment of tactile allodynia in rats (Xu et al., 2005).

Data analysis

A one-way repeated-measure ANOVA was used to analyze the majority
of data. When p < 0.05 a Newman—Keul’s post hoc test was also used to
make individual comparisons between groups. A Student’s ¢ test was also
used for data analysis when only two conditions are being compared and
significance set at p < 0.05.

Results

Activin receptors are expressed in intact and cultured adult
rat DRG neurons

Like other members of the TGFf3 superfamily, activin initiates
signaling and cellular responses through forming a heteromeric
complex of two types of transmembrane receptor serine/threo-
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Figure 1.  Expression of activin receptor mRNA and protein in adult rat DRG neurons. 4,
Reverse transcriptase-PCR revealed strong expression of mRNAs for ActRI, ActRIB, and ActRIl
and weak expression of ActRIIB mRNA in the rat DRG neurons. B, ActRIB, ActRIl, and ActRIIB
immunoreactivity were detected by Western blotting of proteins from cultured rat DRG neu-
rons. Western blotting revealed an ~52 kDa ActRIB immunoreactive band, an ~70 kDa im-
munoreactive band for unglycosylated ActRIl, and 2 85-90 kDa bands for glycosylated ActRIl as
well as an ~70 kDa immunoreactive band for ActRIIB.

nine kinases classified as type II (ActRII or ActRIIB) and type I
(ActRI/ALK2 or ActRIB/ALK4) (Pangas and Woodruff, 2000).
Although originally thought to be an activin receptor, ActRI/
ALK2 has more recently been classified as a receptor for bone
morphogenetic proteins (BMPs) and does not bind activin
(Macias-Silva et al., 1998). We evaluated the expression of these
activin receptors in cultured adult rat DRG neurons. Reverse
transcriptase-PCR revealed that messenger RNA for ActRI (BMP
receptor), ActRIB, ActRII, and ActRIIB were all expressed in
adult rat DRG neurons (Fig. 1A), consistent with other reports
(Aietal., 1999; Kos et al., 2001), although expression of ActRIIB
was relatively low. Similarly, Western blotting revealed an ~52
kDa ActRIB immunoreactive band, an ~70 kDa immunoreactive
band for unglycosylated ActRII, and two 85-90 kDa glycosylated
ActRII bands as well as an ~70 kDa immunoreactive band for
ActRIIB in the rat DRG neuronal culture (Fig. 1B), which is
consistent with other reports (Mathews and Vale, 1993; Funaba
et al., 2001). Furthermore, ActRIB, ActRII, and ActRIIB immu-
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ActRIB

Activin A acutely sensitizes capsaicin
currents in cultured DRG neurons
Whole-cell currents were recorded from
cultured DRG neurons under voltage-
clamp conditions (—60 mV). Each of two
50 nM capsaicin administrations separated
by a 10 min exposure to SES containing
0.1% BSA induced inward currents, the
second being consistently smaller than the
first because of calcium-dependent desen-
sitization (Docherty et al., 1996; Koplas et
al., 1997; Shu and Mendell, 1999, 2001;
Zhu et al., 2004; Zhuang et al., 2004; Zhu
and Oxford, 2007) (Fig. 3A). In contrast,
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Figure 2.

identified neurons, including TRPV1-expressing small and medium-size neurons.

noreactivities were detected in all cultured DRG neurons (Fig.
2B, (), including TRPV1-expressing small or medium size DRG
neurons (Fig. 2C). Indeed, TRPV1-expressing neurons com-
prised ~51.8 = 1.2% (n = 8 coverslips, 2327 neurons counted) of
the neurons and represented mainly small- or medium-diameter
neurons (20—30 wm), which is consistent with other reports
(Guo et al., 1999). Furthermore, consistent with this pattern,
activin receptors were detected in virtually all neurons by immu-
nocytochemistry in thin sections of adult DRG (Fig. 2A), suggest-
ing that dissociation and short-term culture of neurons did not
artifactually induce receptor expression. Thus, activin receptors
were broadly expressed in adult DRG neurons.

Activin receptors are expressed in intact as well as cultured DRG neurons. A, Immunohistochemical detection of
ActRI, ActRIB, ActRII, and ActRIIB in sections of adult DRG as indicated by brown DAB reaction product. Itis apparent that receptors
are expressed in most neurons and nerve fibers within the ganglion. No reactivity was observed in sections in which primary
antibody was omitted. B, €, Phase and pseudocolor fluorescence images of cultured DRG neurons. Primary antibody conditions are
labeled on each fluorescence panel. ActRIB, ActRIl, and ActRIIB immunoreactivity was detected by immunocytochemistry in all

when 10 ng/ml activin A was perfused dur-
ing the 10 min interval, the second current
response was augmented (Fig. 3A). Al-
though stable longer recordings in indi-
vidual neurons are a challenge, we have
occasionally observed this sensitization to
last for >20 min. Activin A increased the
ratio of the second capsaicin response to
the first response by 8.44 *+ 1.90-fold (n =
49), whereas the ratio declined to 0.51 *
0.06 (n = 18) for the vehicle control (Fig.
3B) (p < 0.05). Pretreatment with ALK4
inhibitor SB431542 (20 wM) (Inman et al.,
2002) for 10 min plus exposure to both
activin A and SB431542 during the interval
between capsaicin challenges prevented
the augmentation (Fig. 3A). Under this
condition, the second-to-first response ra-
tio was not different from that observed in
vehicle controls (0.43 £ 0.09; n = 13) (Fig.
3B), indicating that activin A sensitizes
capsaicin current through its receptor
ALK4.

ActRIB

overlay

ActRII

Several major kinase signaling pathways
do not mediate activin A-induced
TRPV1 sensitization

Because activin A causes potentiation of
capsaicin currents within minutes, it is un-
likely that transcriptional effects through
Smad signaling are involved. In this re-
gard, several Smad-independent signaling
pathways can be initiated by activin
(Moustakas and Heldin, 2005). Activation
of ERK, PI3K, src tyrosine kinase, PKA,
and PKC have been implicated in the acute sensitization of

TRPV1 by a variety of agents, including NGF, BK, and 5-HT
(Lopshire and Nicol, 1998; Premkumar and Ahern, 2000; Bhave
etal., 2002, 2003; Hu et al., 2002; Bonnington and McNaughton,
2003; Mohapatra and Nau, 2003; Sugiuar et al., 2004; Zhuang et
al., 2004; Zhang et al., 2005; Stein et al., 2006; Zhu and Oxford,
2007). Pharmacological interference was used to test the involve-
ment of each of these pathways in activin-induced TRPV1
potentiation.

We first examined the role of ERK and PI3K activation. After
a 10 min pretreatment of neurons with the specific MEK inhibi-
tors PD98059 (10 um) (Pang et al., 1995) or U0126 (5 um) (Fa-
vata et al., 1998), two capsaicin responses were again elicited
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Figure 3.  Activin A acutely sensitizes the capsaicin-induced current in the cultured DRG
neurons through the activin type | receptor ALK4 and PKC activation. A, Representative current
traces from individual DRG neurons challenged by two 50 nm capsaicin (Cap) administrations
separated by a 10 min treatment with vehicle, 10 ng/ml activin A, or 10 ng/ml activin plus a test
reagent (additional 10 min pretreatment). The reagents tested were 20 v SB431542 (ALK4
inhibitor), 10 M PD98059 (MEK inhibitor), 5 um U0126 (MEK inhibitor), 10 umLY294002 (PI3K
inhibitor), 5 wm H89 (PKA inhibitor), or 1 um BIM (PKCinhibitor). B, Summary data (mean =
SEM) of normalized capsaicin responses (second peak current/first peak current; note change in
scale after axis break) indicate that activin acts to sensitize capsaicin currents in DRG neurons
through ALK4 and involves protein kinase C, but not Erk1/2, PI3K, or PKA. Additional data
represent tests of activin-induced sensitization with the pseudosubstrate peptide inhibitor of
PKC included in the recording pipette solution (2 wm). **p << 0.01 compared with control
values. Number of observations are indicated next to each data point.

separated by a 10 min exposure to 10 ng/ml activin A either with
or without PD98059 or U0126. Neither PD98059 nor U0126
treatment significantly changed the activin-induced potentiation
of capsaicin current (Fig. 3A). The second-to-first response ratio
was 4.39 = 0.87 (n = 10) for the PD98059 treatment group and
4.45 £ 1.03 (n = 8) for the U0126 treatment group (Fig. 3B),
neither of which is significantly different from the activin A-only
group. This result suggests that ERK signaling cascades are un-
likely to be involved in acute sensitization of capsaicin current by
activin.

To test the involvement of the PI3K signaling pathway in
activin-induced TRPV1 sensitization, neurons were treated be-
fore (10 min) and during capsaicin challenges with the specific
PI3K inhibitor LY294002 (10 uMm) (Vlahos et al., 1994). As seen
for ERK inhibitors, PI3K inhibition did not prevent activin-
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Figure4. Activin Adoesnot promote phosphorylation of ERK or Akt in cultured DRG neurons.

A, Representative Western blots of p-ERK and p-Akt production in rat DRG neurons after 10 min
of exposure to control vehicle, 1.0, 2.5, 5.0, and 10 ng/ml activin A (A) as well as 100 ng/mI NGF
(N), respectively. B, Normalized density of bands [(phospho-protein/corresponding total pro-
tein)/internal control actin] for the indicated treatments. Each bar represents mean == SEM of
six (Akt) or seven (ERK) density measurements. *p << 0.01 and **p << 0.0001 compared with
respective controls.

induced capsaicin current potentiation (Fig. 3A). The average
second-to-first response ratio for the LY294002 treatment group
(Fig. 3B) was 8.16 = 2.47 (n = 8), which was not significantly
different from the activin A-only group, 8.83 = 2.03 (n = 14). We
conclude that PI3K signaling is not involved in activin enhance-
ment of capsaicin responses.

We also examined whether activin A administration led to
acute increases in phosphorylation of ERK or Akt in DRG neu-
rons as indicators of stimulation of ERK and PI3K pathways,
respectively. Previously, we have shown that NGF, which poten-
tiates TRPV1 responsiveness, also augments p-ERK and p-Akt in
cultured DRG neurons within 10 min (Zhu and Oxford, 2007).
Therefore, different doses of activin and 100 ng/ml NGF (a pos-
itive control) were applied to cultured DRG neurons for 10 min,
and p-ERK and p-Akt levels were examined by Western blotting.
Whereas NGF significantly increased p-ERK and p-Akt as ex-
pected, activin failed to augment either p-ERK or p-Akt stimula-
tion (Fig. 4A, B). Together, these data suggest that MAP kinase
and PI3 kinase activities are not required to mediate activin-
induced TRPV1 sensitization.

Inhibition of c-src kinase does not abolish activin A-induced
TRPV1 sensitization

Recently, phosphorylation of a specific tyrosine residue on
TRPV1 by c-src kinase has been proposed to be important in
NGF-induced sensitization by promoting insertion of TRPV1
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channels into the plasma membrane (Zhang et al., 2005). We
therefore examined a possible role for src kinase in activin-
induced TRPV1 acute sensitization. A c-src kinase-specific inhib-
itor PP2 (10 uM) (Hanke et al., 1996) was added to the recording
pipette during whole-cell recording and capsaicin challenges be-
gun only after 10 min of intracellular access of the inhibitor.
Under these conditions, the activin-induced TRPV1 current sen-
sitization was not significantly different from control recordings
without PP2. The second-to-first capsaicin response ratio was
0.54 * 0.09 (n = 8) for the control group, increasing to 3.07 =
0.46 (n = 11) for neurons exposed to activin A, and 2.52 * 0.33
(n = 15) for those neurons exposed to activin A and internally
dialyzed with PP2 (Fig. 5). This result suggests that c-src kinase is
unlikely to play a role in activin-induced acute TRPVI1
sensitization.

Inhibition of PKC, but not PKA, abrogates activin A-induced
potentiation of TRPV1 in DRG neurons

TRPV1 sensitivity is known to be enhanced by phosphorylation
of specific amino acid residues by both PKA and PKC (Lopshire
and Nicol, 1998; Premkumar and Ahern, 2000; Bhave et al., 2002,
2003; Hu et al., 2002; Numazaki et al., 2002; Mohapatra and Nau,
2003). We thus sought to determine whether PKA or PKC might
be involved in activin-induced sensitization of TRPV1. Using the
same experimental protocol, the PKA inhibitor H89 (5 um) (Chi-
jiwa et al., 1990) or the PKC inhibitor BIM (1 um) (Wilkinson et
al., 1993) was applied to single neurons (10 min pretreatment and
10 min coperfusion with 10 ng/ml activin A) challenged by cap-
saicin. The PKA inhibitor H89 was without impact on acute po-
tentiation of capsaicin current induced by activin A (Fig. 3A). The
second-to-first capsaicin response ratio was 8.56 = 3.12 (n = 8)
for the H89 treatment group, similar to the activin A-only group
(Fig. 3B). In contrast, pretreatment and coperfusion of 1 umM BIM
with 10 ng/ml activin A completely abolished the sensitizing ef-
fect of activin A on capsaicin current (Fig. 3A) with a response
ratio of only 0.58 * 0.13 (n = 9), which is significantly different
from the activin A-only group (p < 0.01), but not the vehicle
control group ( p > 0.5) (Fig. 3B). This result was confirmed in
other neurons by adding 2 um of the PKC pseudosubstrate inhib-
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itory peptide (PKC 19-31) to the recording pipette before the
experiment. Under these conditions the second-to-first response
ratio declined to 0.83 * 0.18 (n = 13), which is significantly
different from the activin A group ( p < 0.01) but not from vehi-
cle controls ( p > 0.1) (Fig. 3B). These results suggest that PKC,
but not PKA, is involved in sensitization of TRPV1 by activin.

Activin A sensitizes TRPV1 through activation of the

PKCe isoform

Several PKC isoforms (BI, BIL, §, €, and ¢) are present in rat DRG
neurons (Cesare et al., 1999) that might mediate TRPV sensitiza-
tion by activin. Activation of several of these isoforms requires
their translocation from the cytosol to the plasma membrane for
interaction with membrane phospholipids. In particular, activa-
tion of PKCe translocation can be triggered by PMA and is be-
lieved to underlie the sensitization of TRPV1 by bradykinin (Ce-
sare and McNaughton, 1996; Cesare et al., 1999). To examine the
possible involvement of such translocation in activin sensitiza-
tion of TRPV1, PKCe translocation was assayed by confocal mi-
croscopy in adult DRG neurons. Under vehicle control condi-
tions, immunoreactivity of PKCe was evenly distributed in the
cytoplasm of adult rat DRG neurons (Fig. 6 A). Application of the
potent PKC activator PMA (300 nM, 2 min) caused a strong
membrane association of PKCe immunoreactivity in almost all
of DRG neurons (Fig. 6 A, B). Bradykinin (1 uM, 30 s) also caused
translocation of PKCe to the plasma membrane in 39.3 * 2.5%
(n = 3 coverslips) of DRG neurons (Fig. 6 A, B), which is quanti-
tatively consistent with previous observations (Cesare et al.,
1999). Activin A (10 ng/ml) also caused rapid translocation of
PKCe immunoreactivity to the plasma membrane in most DRG
neurons (Fig. 6 A, B). The translocation of PKCe immunoreactiv-
ity to the plasma membrane increased during prolonged activin
A exposure, as evidenced by the progressive increase in the num-
ber of neurons exhibiting such localization (Fig. 6 B). After a 30
min exposure to 10 ng/ml activin A, 85.7 £ 1.1% of neurons
exhibited PKCe membrane localization. Interestingly, at later ex-
posure times, PKCe immunoreactivity showed an uneven punc-
tate membrane distribution, and after 60 min of exposure, a dis-
tribution similar to control conditions was observed in nearly all
cells. The translocation of PKCe to the plasma membrane by
activin A exposure was mediated through the activin A receptor
complex, because pretreatment with the ALK4-specific inhibitor
SB431542 dramatically decreased this response (Fig. 6 B).

To determine whether translocation and activation of the
PKCe isoform contributed functionally and specifically to
TRPV1 sensitization, we attempted to interfere with this process
and assess activin A-induced sensitization. We first examined the
effect of a PKCe translocation inhibitor peptide (PKCe TIP) (Ye-
dovitzky et al., 1997) on activin-induced TRPV1 sensitization in
individual DRG neurons. Addition of 200 um PKCe TIP to the
recording pipette completely abolished the activin A-induced
TRPV1 sensitization, whereas the addition of 200 M of a scram-
bled control peptide did not block TRPV1 sensitization by activin
A. The second-to-first capsaicin response ratio in activin A with
PKCe TIP in the pipette was 0.71 = 0.17 (n = 12), which is
significantly different from the activin A-only group (8.44 =*
1.90, n = 49, p < 0.0001) or the activin A plus scrambled control
peptide group (9.05 *+ 2.82,n = 14, p < 0.01) (Fig. 7). This result
strongly suggests that activin-induced sensitization of TRPV1 re-
quires activation of PKCe.

To rule out the possibility that PKCa or PKCp isoforms, pre-
viously implicated in sensitization of nociceptive neurons, might
contribute to sensitization of TRPV1 by activin A, we tested
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whether G66976, a PKCa/f3-selective in-
hibitor (Martiny-Baron et al., 1993),
would alter this response. Pretreatment
and cotreatment of neurons with 10-100
nM G66976 neither sensitized TRPV1 itself
nor blocked the sensitization of capsaicin-
induced currents by activin A (Fig. 7) sug-
gesting that PKCa and PKCp isoforms do
not mediate the activin A response.

Activin induced thermal hyperalgesia in
mice requires the TRPV1 channel

Because our electrophysiological studies
reveal a strong sensitization of TRPV1 by
activin and TRPV1 has been implicated by
many laboratories as a critical molecule for
the expression of acute inflammatory hy-
peralgesia, we hypothesized that TRPV1
may be required for hyperalgesia associ-
ated with elevated levels of activin. To test
this hypothesis, the effect of activin ad-
ministration on thermal pain responses
was evaluated in TRPV1-null and wild-
type (WT) mice. Activin or saline was in-
jected subcutaneously into one ankle, and
thermal hyperalgesia was assayed over
time in operator-blinded studies. WT
mice injected with saline demonstrated
thermal pain-induced paw withdrawal
within ~5s. Activin administration in WT
mice produced more rapid paw with-
drawal, as expected, because TRPV1 chan-
nels were intact in these animals. This be-
havioral thermal hyperalgesia induced by
activin was significant when assessed 1 h
after activin injection (average withdrawal
latency = 2.9 * 0.3 s), but was absent 24
and 48 h after injection (Fig. 8A). In
TRPV1 '~ mice, withdrawal latencies un-
der control saline injections were greater
than in WT mice, consistent with previous
observations (Keeble et al., 2005; Pogatzki-
Zahn et al., 2005). In contrast to WT mice,
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reactivity of rat DRG neurons after different treatment. Top, Confocal slice images of PKCe immunoreactivity under the indicated
conditions. Bottom, Corresponding fluorescence intensity profile along a 40 m line crossing each neuron. A uniform distribution
of PKCe immunoreactivity was seen in the cytoplasm under control conditions, whereas a prominent relocation to the plasma
membrane was seen for the conditions of PMA (300 nw, 2 min), BK (1 um, 30's), and activin (10 ng/ml, 30 s and 30 min). B, Time
course of PKCe membrane translocation quantified as the percentage of neurons showing positive translocation. A positive
neuron was taken as any neuron where the peak (membrane) fluorescence was =120% of the mean of 8 pixelsin the center of the
scan. At control time (no activin exposure), ~3% of neurons showed PKCe membrane translocation, whereas at 30 s of activin
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activin injection into TRPV1 ~/~ null mice

produced withdrawal latencies comparable with saline injection,
and these latencies were not different from saline injections at any
time examined. These studies indicate that TRPV1 is required for
the induction of thermal hyperalgesia by activin. Furthermore,
they indicate that in mice after an acute elevation of activin, en-
hanced thermal sensitivity is not maintained.

Because our previous observations in rats indicated that ac-
tivin induces tactile allodynia (Xu et al., 2005), we examined this
possibility in mice. Although not statistically significant, there
was a slight enhancement of the withdrawal reflex evoked by
mechanical stimuli in wild-type mice 1 h after an ankle injection
with activin (Fig. 8 B), whereas the withdrawal was significantly
blunted 1 h after activin injection in TRPV1 ~/~ mice.

Discussion

Effective repair of damage associated with wounds, inflamma-
tion, or other injuries involves at least three important pro-
cesses. The first is to heighten pain sensation to promote no-
cifensive behaviors that avoid further damage. The second is

the delivery of sufficient nutrients to the damage site through
increased circulation. The third is promoting reconstruction
through cell proliferation, migration, and differentiation. To
orchestrate these processes, a variety of proinflammatory fac-
tors, including cytokines, bradykinin, NGF, and PGE2, are
released or upregulated around the site of damage, including
the dermis. Among these factors, activin, a proinflammatory
cytokine, is also elevated and plays an important role in wound
repair, fibrosis, and inflammation (Werner and Alzheimer,
2006). In recent years, research into the role of activin in
wound repair has focused on the last two processes: facilitating
the repair process and modulating scar formation (Munz et
al., 1999b; Wankell et al., 2001), and enhancing CGRP expres-
sion in the innervating DRG neurons and spinal cord (Cruise
et al., 2004; Xu et al., 2005). CGRP, a strong vasodilator, is
released in the periphery, where it enhances blood flow in
support of repair. Although the role of activin in enhancing
pain sensation has not been as intensively studied, several
recent observations support its involvement. Activin injection
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Figure 8. Activin injection induces thermal hyperalgesia in wild-type but not TRPV1-null
mice. A, Activin (250 ng/5 wl) injection induces thermal hyperalgesia in wild-type mice (gray
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significance level.
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directly into the skin of a rat produces tactile allodynia (Xu et
al., 2005) and increases the neuronal expression of CGRP
(Cruise et al., 2004), a peptide implicated in nociception as
well as vasodilation. In the present study, we have extended
these observations to reveal a fundamental mechanism under-
lying activin-induced hyperalgesia supported by three novel
findings: (1) activin A potently sensitizes TRPV1 through ac-
tivation of PKCe in adult DRG neurons, (2) activin A activates
PKCe through its type I receptor serine/threonine kinase
ALK4, and (3) thermal hyperalgesia induced by activin A in
vivo requires TRPV1.

Activin sensitizes TRPV1 to mediate acute thermal hyperalge-
sia. TRPV1 is a multimodal transducer of noxious stimuli, in-
cluding chemicals such as capsaicin and protons and physical
changes such as heat. These responses were initially taken as evi-
dence for a role of TRPV1 in normal nociception (Tominaga et
al., 1998). Recently, however, evidence from physiological and
behavioral assessments of TRPV1-null mice has indicated that
TRPV1 is not required for detecting noxious heat (Woodbury et
al., 2004), but plays a significant role in pathological nociception
(e.g., hyperalgesia) associated with tissue injury and inflamma-
tion (Caterina et al., 2000; Davis et al., 2000; Bolcskei et al., 2005;
Pogatzki-Zahn et al., 2005). This is believed to occur through
posttranslational changes in the sensitivity and membrane
density of TRPV1 as well as transcriptional changes in TRPV1
expression in response to a variety of molecules released dur-
ing injury or inflammation including NGF, bradykinin, and
PGE2 (Lopshire and Nicol, 1998; Shu and Mendell, 2001; Bon-
nington and McNaughton, 2003; Sugiuar et al., 2004; Zhuang
et al., 2004; Zhang et al., 2005; Stein et al., 2006; Zhu and
Oxford, 2007). We have now shown that activin can also sen-
sitize TRPV1 within minutes of its application, consistent with
its ability to induce hyperalgesia after injection into the skin.
Furthermore, hyperalgesia in response to activin injection is
absent in TRPV1-null mice, suggesting that sensitization of
TRPV1 is both necessary and sufficient for activin-induced
acute pain behavior.

Activin A binds to either the constitutively active Ser/Thr
kinase activin type II receptor (ActRII) or to one of four iso-
forms of activin type IIB receptor (ActRIIB) to mediate its
biological effects. This binding recruits and transphosphory-
lates an activin type I receptor (ALK4), which enables subse-
quent phosphorylation of downstream substrates (Massague,
1998; de Caestecker, 2004). Activin receptor subunits are
present in adult DRG neurons at both the mRNA and protein
levels (Fig. 1A, B), and both type I and type II receptors are
coexpressed with TRPV1 (Fig. 2C). Activin receptors have
been reported in embryonic sensory neurons (Ai et al., 1999;
Kos et al., 2001), where they are likely to play a role in pheno-
typic differentiation (Iwahori et al., 1997). In adult DRG neu-
rons, activin sensitization of TRPV1 is blocked by a selective
ActRI (ALK4) receptor antagonist (Fig. 3), suggesting that this
receptor kinase is required for activin-induced sensitization of
TRPVI in DRG neurons.

Both canonical and noncanonical signaling pathways are
activated by these receptors. Canonical signaling involves ac-
tivation of the Smad family of transcription factors by phos-
phorylation and translocation to the nucleus to activate target
gene transcription. More recently, several noncanonical path-
ways, including activation of ERK, JNK, and p38 MAP kinases,
PI3K, PKC, and PKA have been reported in different cell types
(Moustakas and Heldin, 2005). These signals may be required
to mediate and/or augment maximal Smad-dependent re-
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sponses, or they may act on distinct downstream effectors in
different cell types. The precise mechanisms bridging these
noncanonical signaling pathways with the activated receptor
complexes are not fully understood. Given that both the
activin-induced hyperalgesia and TRPV1 sensitization are
rapid responses, these latter signaling pathways not involving
transcriptional changes are strongly implicated.

Many laboratories, including our own, have explored the
signaling pathways linking inflammatory agents to the acute
sensitization of TRPV1. Although still controversial (Zhang
and McNaughton, 2006), the links between activation of the
NGF receptor trkA and TRPV1 are the most comprehensively
studied, and consensus supports the involvement of both PI3K
and src-kinase, and to a lesser extent p42/p44 Erk phosphory-
lation, in this coupling (Zhuang et al., 2004; Zhang et al., 2005;
Stein et al., 2006; Zhu and Oxford, 2007). In contrast to our
observations with NGF-induced sensitization, neither inhibi-
tion of MEK (upstream of Erk) nor inhibition of PI3K reduced
the sensitization of TRPV1 by activin. Furthermore, activin
challenges to DRG neurons failed to increase either phosphor-
ylation of Erk or Akt determined biochemically, as would be
expected if these pathways were involved and as has been con-
firmed for NGF (Zhu and Oxford, 2007). Likewise, inhibition
of neither src-kinase nor PKA blunted enhancement of TRPV1
responses by activin, suggesting that neither kinase is involved
in the sensitization. Phosphorylation of TRPV1 by PKC has
been implicated in sensitization by both NGF (Bonnington
and McNaughton, 2003; Zhu and Oxford, 2007) and BK
(Cesare et al., 1999). With respect to the present study, our
pharmacological and translocation data strongly implicate ac-
tivation of PKC, specifically the PKCe isoform, as also critical
to activin-induced sensitization of TRPV1.

Acute sensitization of TRPV1 is becoming appreciated as a
common mechanism underlying many injury-induced hyper-
algesias. In the case of inflammation or acute wound injury, a
variety of released molecules have been shown to sensitize
TRPV]I, including NGF, BK, prostaglandins, and now activin.
Furthermore, phosphorylation by PKC appears to be a com-
mon nexus in the signaling pathways linking trkA, B2, and
activin receptors to increased TRPV1 sensitivity. Activation of
each of these distinct receptor complexes, however, converges
on this common effector through different signaling path-
ways, as revealed through pharmacological interventions.
NGF activation of trkA invokes both Erk and PI3K activation,
BK activation of B2 receptors invokes PLCS activation and
subsequent PIP2 hydrolysis with concomitant diacylglycerol
production, and activin activation of ActII-ALK4 receptors is
linked to PKC through an as yet undetermined pathway. In
this regard, TGFf has been shown to activate PKCa in both
human keratinocytes and hepatoma cells (Miyazaki et al.,
2004; Sakaguchi et al., 2004), although PKCa appears to be
absent in sensory neurons of dorsal root ganglia (Cesare et al.,
1999). As pharmacological or molecular interference with
each of these components abrogates sensitization of TRPV1
from only a single receptor type (i.e., B2 vs trkA vs ALK4),
significant cross talk among these receptor linked pathways
upstream of PKC activation appears unlikely. This raises the
question of why multiple ligands might converge in such a
manner rather than use identical or similar signaling pathways
(Hucho and Levine, 2007). Given the importance of sensing
pathological pain associated with injury and inflammation,
perhaps such an arrangement serves to ensure that sensitiza-
tion invoked by several ligands released during injury will
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occur without saturation of earlier upstream components of a
given pathway that most certainly subserves other cell func-
tions. Without knowledge of the stoichiometry among the
different components, it is difficult to test this speculation. It
will also be interesting to learn whether activin has effects on
other TRP channels involved in nociception (e.g., TRPA1), or
indeed, on sodium channel isoforms that contribute to in-
flammatory pain hypersensitivity (Amaya et al., 2006).

This study reveals activin-mediated sensitization of TRPV1
to be an important component of injury-induced hyperalge-
sia. Furthermore, activation of PKCe is critical to this sensiti-
zation. As discussed, however, the hyperalgesia and associated
nocifensive behaviors are only one component of the process
of wound healing, and activin plays other important roles in
tissue repair and nutrient delivery. Thus, targeting activin re-
ceptors per se as substrates for analgesic drug development
would appear unwise, because such compounds would likely
compromise these other components of recovery. Instead, un-
derstanding the distinct postreceptor pathways underlying ac-
tivin receptor involvement in each of the three processes
might afford approaches to interfere in activin-induced hy-
peralgesia alone.
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