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Increased production of calcitonin gene-related peptide (CGRP) in sensory neurons is implicated in inflammatory pain.
The inflammatory site is acidic due to proton release from infiltrating inflammatory cells. Acid activation of peripheral
nociceptors relays pain signals to the CNS. Here, we examined whether acid activated the transient receptor potential
vanilloid subtype 1 (Trpv1), a widely recognized acid-sensing nociceptor and subsequently increased CGRP expression.
Chemically induced inflammation was associated with thermal hyperalgesia and increased CGRP expression in dorsal
root ganglion (DRG) in rats. In organ cultures of DRG, acid (pH 5.5) elevated CGRP expression and the selective Trpv1
antagonist 5�-Iodoresiniferatoxin decreased it. Trpv1-deficient DRG showed reduced CGRP increase by acid. Of note,
many of CGRP/Trpv1-positive DRG neurons exhibited the phosphorylation of cAMP response element-binding protein
(CREB), a nociceptive transcription factor. Knockdown of CREB by small interfering RNA or a dominant-negative form
of CREB diminished acid-elevated CGRP expression. Acid elevated the transcriptional activity of CREB, which in turn
stimulated CGRP gene promoter activity. These effects were inhibited by a Ca2�/calmodulin-dependent protein kinase
(CaMK) inhibitor KN-93. In conclusion, our results suggest that inflammatory acidic environments activate Trpv1, leading
to an up-regulation of CGRP expression via CaMK-CREB cascade, a series of events that may be associated with
inflammatory pain.

INTRODUCTION

Calcitonin gene-related peptide (CGRP) is a neuropeptide that
is widely distributed in the peripheral and central nervous
systems. It has been proposed that the release of CGRP from
perivascular nerves causes vasodilatation, resulting in neuro-
genic inflammation. CGRP release into the dorsal spinal cord is
associated with nociceptive transmission (Benemei et al., 2009).
Clinically, CGRP levels in the circulation have been found to be
elevated during migraines and cluster headache attacks
(Goadsby et al., 1990; Fanciullacci et al., 1995), as well as in
myocardial infarction (Preibisz, 1993). Interestingly, recent
studies have demonstrated that CGRP knockout mice show an
attenuated response to chemical pain and inflammation
(Salmon et al., 2001). These reports indicate the importance of
CGRP regulation for therapeutic approaches to control pain.

The vanilloid receptor transient receptor potential vanilloid
subtype 1 (Trpv1) is a ligand-gated nonselective cation channel
that is activated by capsaicin, noxious heat (temperatures
�43°C), and protons (Caterina et al., 1997; Tominaga et al., 1998;
Premkumar et al., 2002). Trpv1 is abundantly expressed in
nociceptive neurons in the dorsal root ganglia (DRG) and is
involved in various physiological functions (Caterina et al.,
1997; Immke and Gavva, 2006). Recent studies have demon-
strated that Trpv1 is a critical regulator of inflammatory pain.
Trpv1-deficient mice fail to develop thermal hyperalgesia in an
experimental inflammation model (Caterina et al., 2000). Acti-
vation of Trpv1 causes the release of neurotransmitters such as
CGRP and substance P from peripheral and central nerve termi-
nals, resulting in pain and neurogenic inflammation (Szallasi and
Blumberg, 1999). Moreover, several Trpv1 antagonists have
been reported to alleviate thermal hyperalgesia associated
with inflammation (Szallasi et al., 2007).

It is well documented that capsaicin significantly and
dose-dependently increases the release of CGRP from skin
(Kilo et al., 1997) and that activation of Trpv1 by capsaicin
induces the exocytosis of CGRP from sensory neurons
(Meng et al., 2007; Meng et al., 2009). Furthermore, capsaicin
and low pH induce a significant increase in CGRP release
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in mouse heart but not in mice lacking the Trpv1 receptor
(Strecker et al., 2005). Despite its clear involvement in
inflammatory pain, the molecular mechanism underlying
CGRP expression through Trpv1 activation remains to be
elucidated.

A variety of inflammatory mediators, such as prostaglan-
din E2, bradykinin, and protons, play crucial roles in the
induction of pain. Among these, only protons can directly
activate Trpv1 in sensory neurons (Tominaga et al., 1998).
Indeed, sensory neurons from DRGs isolated from Trpv1-
deficient mice show reduced responses to acid (Caterina et
al., 2000). Because local tissue acidosis is a predominant
feature of inflammation (Bevan and Geppetti, 1994), proton-
activated Trpv1 probably participates in the induction of
inflammatory pain. Elucidation of the intracellular molecu-
lar events triggered by protons via Trpv1 will contribute to
increased understanding of the mechanism underlying in-
flammatory pain.

Trpv1 activation induces Ca2� influx into neurons, lead-
ing to activation of Ca2�-mediated signal transduction, in-
cluding activation of Ca2�/calmodulin-dependent protein
kinase (CaMK) (Means, 2000) and protein kinase C isoen-
zymes (Mellstrom et al., 2008). Of note, many studies have
reported that CaMK signaling is critical for a variety of
neuronal functions (Ribar et al., 2000; Kang et al., 2001;
Griffith, 2004). CaMK activates the transcription factor
cAMP response element-binding protein (CREB) via phos-
phorylation of Ser-133 (Mayr and Montminy, 2001). Acti-
vated CREB induces target gene expression and regulates
various neuronal functions (Lonze and Ginty, 2002). Impor-
tantly, the inflammation caused by complete Freund’s adju-
vant (CFA) increases phosphorylation of CREB in DRG neu-
rons (Tamura et al., 2005). Collectively, these studies raise
the possibility that protons contribute to inflammatory pain
by modulating CaMK-CREB signaling cascades via Trpv1.

In this study, we investigated the intracellular signaling
pathways initiated by Trpv1 activation by protons in DRG
neurons. Using an experimental inflammation model in
Trpv1-deficient mice, we found that proton activation of
Trpv1 is responsible for the induction of CGRP expression.
We also found that protons activate the CaMK-CREB path-
way through Trpv1 activation and that this signaling cas-
cade is involved in the regulation of CGRP expression. Our
findings will increase the understanding of the molecular
mechanism of inflammatory pain.

MATERIALS AND METHODS

Reagents
5�-Iodoresiniferatoxin (I-RTX) and capsazepin were purchased from Tocris
Cookson (Bristol, United Kingdom) and Sigma-Aldrich (St. Louis, MO), re-
spectively. KN-93 was obtained from BIOMOL Research Laboratories (Ply-
mouth Meeting, PA).

Animals
Trpv1-deficient mice were kindly provided by Dr. Makoto Tominaga (Na-
tional Institutes of Natural Sciences, Okazaki, Japan; Caterina et al., 2000).
Male C57BL/6J mice aged 7 wk and male Sprague Dawley (SD) rats aged 5–7
wk were obtained from SLC Japan (Hamamatsu, Japan). Animals were main-
tained in an animal room with free access to drinking water and basal diet,
under controlled conditions and a 12:12-h light/dark cycle. All animal exper-
iments were approved by the Institutional Animal Care and Use Committee
of Osaka University Graduate School of Dentistry.

Animal Model of Inflammation
Male SD rats (6 wk old) received a subcutaneous injection into the right hind
paw of 100 �l of CFA (Wako Pure Chemical Industries, Osaka, Japan),
prepared in an oil/saline (1:1) emulsion. The same volume of saline was

injected into the left hind paw as a control. Wild-type and Trpv1-deficient
mice were given an injection of 50 �l of solution. Signs of acute inflammation,
including redness and swelling, were observed in the right hind paw 24 h
after CFA injection.

Plantar Test
Thermal hyperalgesia induced by CFA injection was measured by the plantar
test (Hargreaves et al., 1988). In brief, animals were placed in an acrylic box
with a glass pane floor and the plantar surface of their hind paws was
exposed to a beam of infrared radiant heat (Plantar test 7370; Ugo Basile,
Comerio, Italy). The paw withdrawal latencies were measured three times
per session, separated by a minimum interval of 5 min. Paw withdrawals
due to locomotion or weight shifting were not counted, and the trials were
repeated.

Figure 1. Relationship between CGRP and Trpv1 expression in
DRG neurons in CFA-induced inflammation. (A) Thermal hyperal-
gesia in an inflammation rat model induced by CFA. Withdrawal
latency for thermal stimulation in vehicle- or CFA-injected paw is
shown as the mean � SD. *p � 0.005 versus vehicle. (B) Total RNA
was isolated from contralateral and ipsilateral L3–6 DRGs at 1 d
after CFA injection. The expression of CGRP and Trpv1 mRNA was
analyzed with real-time PCR. The data are expressed as fold acti-
vation normalized to control (mean � SD). *p � 0.05 versus vehicle.
(C) Immunohistochemical analyses of CGRP and Trpv1 in DRGs.
Sections were double-stained with antibodies as indicated in the
panels. Arrows indicated the colocalization of Trpv1 and CGRP in
DRG neurons (arrows). Bar, 50 �m.
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Isolation and Culture of Primary DRG Neurons
DRGs isolated from SD rats, wild-type mice, and Trpv1�/� mice were
cultured in poly-d-lysine–coated 35-mm dish (BD Biosciences Discovery La-
bware, Bedford, MA) with Ham’s F-12 medium (Invitrogen, Carlsbad, CA)
containing 2% B-27 supplement (Invitrogen) for 24 h.

Primary culture of DRG neurons was performed as described previously
using male SD rats aged 6–8 wk (Sango et al., 1991). Thirty to 35 ganglia (from
the thoracolumbar level) were dissected from the spinal column of each
animal and were dissociated with 0.2% collagenase (Worthington Biochemi-
cals, Freehold, NJ) at 37°C for 90 min and 0.25% trypsin (Sigma-Aldrich) at
37°C for 15 min. Then, ganglia were subjected to density gradient centrifu-
gation (1500 rpm for 5 min) with 30% Percoll (GE Healthcare, Little Chalfont,
Buckinghamshire, United Kingdom). The cells were seeded onto poly-d-
lysine–coated eight-well culture slides (BD Biosciences Discovery Labware)
or 35-mm culture dishes (BD Biosciences Discovery Labware) in Ham’s F-12
medium containing 2% B-27 supplement (Invitrogen). The cells were grown
in culture for 48 h before experiments.

Immunohistochemistry
Rats were anesthetized with ether and fixed by perfusion with 4% parafor-
maldehyde in 0.1 M phosphate buffer through the left cardiac ventricle. The
spinal column of rats was removed and postfixed in the same fixative for 24 h.
L4 and L5 DRG were excised and embedded in paraffin. The sections were
microwaved for 5 min in 0.01 M citrate buffer and blocked with 1% bovine
serum albumin for 30 min. For double immunofluorescence, sections were
incubated overnight at 4°C with appropriate combinations of guinea pig
anti-TRPV1 polyclonal antibody (pAb, 1:500; Neuromics, Edina, MN) and
rabbit anti-CGRP pAb (1:10,000; Sigma-Aldrich), guinea pig anti-CGRP pAb
(1:1000; Progen Biotechnik, Heidelberg, Germany), or guinea pig anti-TRPV1
pAb and rabbit anti-phospho-CREB pAb (1:500; Millipore, Billerica, MA), and
rabbit anti-CGRP pAb or rabbit anti-TRPV1 (1:500; Calbiochem, San Diego,
CA) and mouse anti-CaMK II monoclonal antibody (mAb, 1:300; BIOMOL
Research Laboratories) or mouse anti-CaMK IV mAb (1:200; Abnova, Taipei,
Taiwan). As secondary antibodies, Alexa Fluor 555-conjugated anti-mouse
immunoglobulin (Ig)G (1:500; Invitrogen), Alexa Fluor 488-conjugated anti-
guinea pig IgG (1:500; Invitrogen), Alexa Fluor 488 anti-rabbit IgG (1:500;
Invitrogen), and Alexa Fluor 555-conjugated anti-rabbit IgG (1:500; Invitro-
gen) were incubated for 1 h at room temperature. The sections were
coverslipped with VECTASHIELD mounting medium (Vector Laborato-
ries, Burlingame, CA).

RNA Preparation and Real-Time Polymerase Chain
Reaction (PCR)
DRGs were isolated from the spinal column of each animal and grown in an
organ culture system. The medium was changed into pH 5.5 medium and

treated with or without I-RTX. Total RNA was isolated using RNAeasy
Mini kit (QIAGEN, Valencia, CA), and cDNA was synthesized using Prime-
Script First Strand cDNA Synthesis kit (Takara Bio, Shiga, Japan). Real-time PCR
was performed using the TaqMan PCR protocol and a 7300 real-time PCR system
(Applied Biosystems, Tokyo, Japan). TaqMan primers and probes used for the
amplification were as follows: mouse CGRP, sense 5�-CCAGTGGGTGAG-
GAGAAAGTC-3�, antisense 5�-AAGCAAGACTAGAAGCTCTACTAGG-3�,
and probe 5�-ACTGCCCTTGCTCTCTGCCATCTTCC-3�; mouse �-actin, sense
5�-TTAATTTCTGAATGGCCCAGGTCT-3�, antisense 5�-ATTGGTCTCAAGT-
CAGTGTACAGG-3�, and probe 5�-CCTGGCTGCCTCAACACCTCAACCC-3�);
rat CGRP, sense 5�-ATCTAAGCGGTGTGGGAATCTG-3�, antisense 5�-
TTCTTGCCAGGTGCTCCAAC-3�, and probe 5�-TGCTGGGCACGTACACA-
CAAGACCTC-3�; rat Trpv1, sense 5�-CTGACGGCAAGGATGACTACC-3�,
antisense 5�-ACCTCAGGGAGAAGCTCAGG-3�, and probe 5�-CGCTTGACGC-
CCTCACAGTTGCCT-3�; and rat �-actin, sense 5�-ACAACCTTCTTGCAGCTC-
CTC-3�, antisense 5�-CGACGAGCGCAGCGATATC-3� and probe 5�-CCACAC-
CCGCCACCAGTTCGCC-3�. mRNA expression levels were normalized to that
of �-actin.

Western Blotting
Western blotting was performed as described previously (Hata et al., 2005). In
brief, cells were rinsed twice with phosphate-buffered saline and solubilized in
lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1.5 mM MgCl2,
10% glycerol, 1% Triton X-100, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 1 mM
AEBSF, and 0.2 mM sodium orthovanadate). The lysates were centrifuged for 10
min at 4°C at 15000 � g and boiled in SDS sample buffer containing 5% �-mer-
captoethanol for 5 min. The supernatants were separated by SDS-polyacrylamide
gel electrophoresis, transferred to nitrocellulose membranes, immunoblotted
with primary antibodies, and visualized with horseradish peroxidase-coupled
anti-mouse or anti-rabbit IgG antibody using an ECL detection kit (Lumigen,
Southfield, MI). Antibodies were purchased from Cell Signaling Technology
(Danvers, MA).

Cell Culture
The rat DRG cell line F11 was a generous gift from Dr. Guichao Zeng (Medical
College of Georgia, Augusta, GA). Trpv1-F11 cells, which were stably transfected
with rat Trpv1cDNA, were generated as described previously (Nagae et al., 2006).
F11 and F11-Trpv1 cells were maintained in DMEM, pH 7.4 (Sigma-Aldrich)
supplemented with 10% fetal bovine serum and 100 �g/ml kanamycin sulfate
(Meiji Seika, Tokyo, Japan) in a humidified atmosphere of 5% CO2 in air.

Intracellular Ca2� Measurement
Intracellular Ca2� responses of F11 and F11-Trpv1 cells were assessed using
the fluorescent Ca2� probe Fluo-3 (Calcium Kit-Fluo 3; Dojin Chemical,
Kumamoto, Japan). Cells were cultured on 96-well plates at a density of

Figure 2. Up-regulation of CGRP expression via proton-
mediated Trpv1 activation. (A) DRGs were treated with
pH 5.5 or pH 7.4 medium for the indicated hours. Total
RNA isolated from the DRGs was used for real-time PCR
analyses of CGRP and Trpv1. The data were expressed as
fold activation normalized to control (mean � SD). *p �
0.05 versus control. (B) Rat DRGs were treated with pH 5.5
medium for 12 h with or without Trpv1 antagonists (I-
RTX or capsazepine [CPZ]). The data are expressed as fold
activation normalized to control (mean � SD). *p � 0.05
versus control.
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15,000/well for 24 h, and then they were loaded with Fluo-3 acetoxymethyl
ester (4.4 �M) in loading buffer containing 1.25 mM probenecid and 0.04%
Pluronic F-127 for 1 h at 37°C. Wells were then incubated with recording
buffer, and Fluo-3–loaded cells were excited at 458 nm and emission was
recorded at 538 nm using a Fluoroskan ascent microplate reader (Thermo
Fischer Scientific, Yokohama, Japan). Fluorescence was recorded every 1 s,
and data are expressed as increasing ratio (�F/F0).

Knockdown of CREB
CREB small interfering RNA (siRNA; siCREB-1, 5�-AUCAGUUACACUAUC-
CACAGACUCC-3�; siCREB-2, 5�-UACCAUUGUUAGCCAGCUGUAUUGC-
3�) and control siRNA were designed and purchased from Invitrogen. siRNA
was transfected into F11-Trpv1 cells using Lipofectamine RNAiMAX reagents
(Invitrogen) according to the manufacturer’s protocol. Knockdown of endoge-
nous CREB and its effect on CGRP mRNA expression were examined after 48 h.

Constructs for Reporter Assay
The 3�CRE-Luc plasmid, which contains three tandem CRE sequences up-
stream of a minimal promoter (minP), and the luciferase gene were purchased
from Promega (Madison, WI). To construct luciferase fusion plasmids con-
taining the CGRP promoter, promoter regions were amplified by PCR using
rat genomic DNA as the template and cloned into the pGL4 Basic Vector
(Promega). The sequence of the CGRP gene promoter was downloaded from
UCSC Genome Bioinformatics (Santa Cruz, CA). Mutation of cAMP response
element (CRE) was generated using the site directed mutagenesis kit (Strat-
agene, La Jolla, CA) according to the manufacturer’s protocol. The sequence
of the mutated CRE was confirmed by DNA sequence analysis.

Figure 3. Time-dependent induction of CGRP
by Trpv1 activation. (A) Rat DRGs were treated
with pH 5.5 medium for the indicated hours, and
CGRP expression was detected by real-time
PCR. (B) Rat DRGs were pretreated with 1 �M
cycloheximide (CHX) for 1 h and stimulated
with pH 5.5 medium for an additional 12 h. Total
RNA was used for real-time PCR analysis of
CGRP. The data are expressed as fold activation
normalized by control (mean � SD). *p � 0.05.

Figure 4. Role of Trpv1 in the induction of inflammatory pain and
elevation of CGRP expression in DRGs. (A) Behavioral consequences
of inflammation induced by CFA in wild-type (WT) and Trpv1�/�
mice. The data were expressed as paw withdrawal latency for thermal
stimulation and are shown as the mean � SEM. *p � 0.05 versus
vehicle-injected paw in WT mice. (B) DRGs isolated from WT and
Trpv1�/� mice were treated with pH 5.5 medium or with 1 �M
capsaicin for 12 h. Total RNA isolated from the DRGs was used for
real-time PCR analysis of CGRP. The data are expressed as fold acti-
vation normalized to control (mean � SD). *p � 0.05 versus WT.

Figure 5. Role of Trpv1 activation in the phosphorylation of CREB
in DRG neurons. (A) Immunohistochemical analyses of CGRP,
Trpv1, and pCREB in rat DRGs. CGRP/Trpv1 and pCREB were
partially colocalized in DRG neurons (arrows). Bar, 50 �m. (B)
Primary cultured DRG neurons were treated with pH 7.4 medium
(cont) and pH 5.5 medium for 2 min and immunostained with
pCREB antibody. Arrows indicate the nuclear accumulation of
pCREB. (C) Primary cultured DRG neurons were treated with
medium at pH 5.5 with or without I-RTX, and the cell lysates
were immunoblotted with anti-pCREB, anti-CREB, and anti-�-
actin antibodies.
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Reporter Assay
F11 and F11-Trpv1 cells were plated at a density of 10,000 cells/well into
24-well plates. Cells were transfected with plasmids using FuGENE 6 (Roche
Applied Science, Indianapolis, IN) according to the manufacturer’s protocol.
Twenty-four hours after transfection, medium was changed to pH 5.5 me-
dium, and cells were cultured for 1 d with or without I-RTX or KN-93. Then,
cells were lysed with lysis buffer and luciferase activity was measured by
GloMax 96 microplate luminometer (Promega). Transfection efficiency was
normalized by determining the activity of Renilla luciferase.

Generation of Adenovirus
The recombinant adenovirus carrying FLAG-tagged A-CREB cDNA was con-
structed by homologous recombination between the expression cosmid cas-
sette and the parental virus genome in human embryonic kidney (HEK)293
cells using the adenovirus construction kit (Takara Bio) as described previ-
ously (Hata et al., 2008). Flag-tagged A-CREB cDNA was kindly provided by
Dr. Charles Vinson (National Cancer Institute, Bethesda, MD). The viruses
were confirmed to retain no proliferative activity in the cells other than
HEK293 cells, because they lack both E1A and E1B domain of adenovirus.
Titers of the viruses were analyzed by modified point assay (Hata et al., 2008).

Chromatin Immunoprecipitation (ChIP) Assays
ChIP assays were performed using ChIP-IT Express kit (Active Motif, Carls-
bad, CA). In brief, F11-Trpv1 cells were treated with pH 5.5 or pH 7.4 medium
for 24 h and then fixed with 1% formaldehyde for 20 min. The sheared
chromatin was prepared using sonication shearing. Chromatin immunopre-
cipitation was performed with antibodies against CREB (Millipore), acetyl-
histone H3 (Millipore), and normal rabbit IgG (Active motif) as a control.
Immunoprecipitated DNA was amplified by PCR using the following prim-
ers, which are specific for the rat CGRP promoter: sense (�384 to �365),
5�-GGGGCACGATTAGAATCAGA-3� and antisense (�30 to �11), 5�-TCCT-
GCAGCTGCTCTTATTCC-3�.

Statistical Analysis
Data are presented as the mean � SD. The data from the behavioral test were
analyzed using one-way analysis of variance followed by Fisher’s protected
least significant difference post hoc test (StatView; SAS Institute, Cary, NC)
for comparisons between groups. Student’s t test was conducted when two
groups were compared. P values of �0.05 were considered significant.

RESULTS

Involvement of Proton-induced Trpv1 Activation in the
Up-Regulation of CGRP Expression
To clarify the relationship between CGRP expression and
Trpv1, we first studied a CFA-induced inflammation model in
rats. As shown in Figure 1A, animals exhibited thermal hyper-
algesia in the CFA-injected paw, a sign of inflammation and
the hyperalgesia peaked at day 1. Using this model, we found
that the expression of CGRP mRNA was increased in the
ipsilateral DRG of CFA-injected animals (Figure 1B). Immuno-
histochemical analysis demonstrated that CGRP-positive neu-
rons were partially overlapped with Trpv1 in DRG neurons
(Figure 1C). Because the expression of Trpv1 mRNA was not
changed by inflammation (Figure 1B), we focused on the func-
tional activation of Trpv1 and not quantitative changes in
Trpv1.

To examine the effects of Trpv1 activation on CGRP pro-
duction, we treated the DRGs with acidic medium (pH 5.5)
in organ culture and investigated CGRP mRNA expression.
Treatment with acidic medium had no effects on apoptosis

Figure 6. Involvement of CREB in the up-regulation of
CGRP mRNA after Trpv1 activation. (A) Intracellular
Ca2� responses of Fluo-3–loaded F11 and F11-Trpv1
cells treated with acidic conditions were measured us-
ing a fluorescent microplate reader. Plots show the flu-
orescent increase rate (�F/F0). In the bottom graph,
F11-Trpv1 cells were preincubated with 5 �M I-RTX for
10 min. (B) F11 and F11-Trpv1 cells were treated with
pH 5.5 medium for 8 h. Total RNA isolated from these
cells was used for real-time PCR analysis of CGRP. The
data are expressed as fold activation normalized to
control (mean � SD). *p � 0.05. (C) Knockdown of
CREB by siRNA. Cells were transfected with CREB
siRNA or control siRNA, and the level of CREB protein
was analyzed with Western blotting. (D) F11-Trpv1
cells transfected with CREB siRNA or control siRNA
(nc) were treated with pH 5.5 medium for 8 h. The data
are expressed as fold activation normalized to control
(mean � SD). *p � 0.05.
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and cell viability (data not shown). As shown in Figure 2A,
low pH medium increased CGRP mRNA expression in a
time-dependent manner. The selective Trpv1 antagonist I-
RTX and nonselective antagonist capsazepine significantly
inhibited the increase in CGRP mRNA expression caused by
acid stimulation (Figure 2B). In contrast, the expression of
Trpv1 mRNA was not changed by acid stimulation (Figure
2, A and B). CGRP mRNA expression was weakly but sig-
nificantly increased at 1 h after acidic treatment (Figure 3A).
However, the increase of CGRP mRNA was partially sensi-
tive to the inhibition of protein synthesis by cycloheximide
(Figure 3B). These data suggest that CREB directly promoted
CGRP expression but that yet unknown events related to
protein synthesis are also involved in CGRP mRNA stimu-
lation by acid.

Role of Trpv1 in the Induction of Inflammatory Pain and
Elevation of CGRP Expression in DRGs
We next verified the significance of Trpv1 to inflammatory
pain and CGRP expression by analyzing Trpv1-deficient
mice. As shown in Figure 4A, Trpv1-deficient mice did not
exhibit thermal hyperalgesia associated with CFA-induced
inflammation. Of note, acidic conditions and capsaicin at-
tenuated to induce up-regulation of CGRP mRNA in DRGs

isolated from Trpv1-deficient mice, as was seen in wild-type
DRGs (Figure 4B). These results suggest that Trpv1 activa-
tion by protons is critical for the up-regulation of CGRP
mRNA expression.

Involvement of Trpv1 Activation by Acidic Conditions in
the Phosphorylation of CREB
Although we found that protons and activation of Trpv1
up-regulated CGRP expression, the precise molecular mech-
anism is unclear. Thus, we next examined the intracellular
signaling cascades by which protons and Trpv1 control
CGRP expression. Because inflammation is known to acti-
vate the transcription factor CREB in DRG neurons (Tamura
et al., 2005), and because CREB plays essential roles in neural
functions (Lonze and Ginty, 2002), we hypothesized that
CREB is involved in Trpv1-mediated regulation of CGRP
expression. Of note, immunohistochemical analysis demon-
strated that both Trpv1- and CGRP-positive neurons were
mildly colocalized for phosphorylated CREB (Figure 5A).
We next examined whether protons control the phosphory-
lation and activation of CREB through Trpv1 using primary
neuronal cells isolated from rat DRGs. Low pH, 5.5, induced
the phosphorylation of CREB in the nucleus (Figure 5B).
Western blotting analysis also demonstrated that low pH

Figure 7. Up-regulation of CREB transcriptional
activity through proton-activated Trpv1. (A) Effect
of acid stimulation on transcriptional activity of
CREB. F11 and F11-Trpv1 cells were transfected
with 3�CRE-Luc plasmids, and cells were treated
with pH 5.5 medium for 24 h. The data are expressed
as fold activation normalized to control (mean �
SD). *p � 0.05 versus control. (B) Effect of I-RTX on
transcriptional activity of CREB. F11-Trpv1 cells
were transfected with 3�CRE-Luc plasmids, and
cells were treated with pH 5.5 medium for 24 h with
indicated concentrations of I-RTX. The data are ex-
pressed as fold activation normalized to control
(mean � SD). *p � 0.05 versus pH 5.5. (C) Sequence
comparison of human, mouse, and rat CGRP prox-
imal promoters. Sequence information was down-
loaded from UCSC Genome Bioinformatics and an-
alyzed by visual scanning. (D) Deletion and
mutation analyses of CGRP gene promoter activity.
The reporter plasmids indicated were transfected
into F11-Trpv1 cells, which were treated with pH 5.5
medium. The data are shown as fold activation nor-
malized to control (mean � SD). *p � 0.05 versus
control. (E) F11-Trpv1 cells were treated with pH 5.5
medium for 24 h. The binding ability of CREB to the
CGRP promoter was analyzed with a chromatin im-
munoprecipitation assay using the indicated anti-
bodies and a primer set for the rat CGRP promoter
region. Input indicates the PCR products from
genomic DNA without immunoprecipitation. Co,
control.
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medium induced phosphorylation of CREB, which was in-
hibited by I-RTX, suggesting that protons up-regulated the
transcriptional activity of CREB through Trpv1 in DRG neu-
rons (Figure 5C). Together, these results suggest that biolog-
ical interactions between Trpv1 and CREB are involved in
the regulation of CGRP expression in DRG neurons.

Acidic Conditions Increased CGRP Expression through
CREB
We next investigated the effects of protons on the transcrip-
tional activity of CREB using the rat DRG neuronal cell line
F11. Because F11 cells have been reported to express very
low levels of Trpv1, we used F11 cells that had been stably
transfected with Trpv1 cDNA (Nagae et al., 2006). We ob-
served that acidic conditions induced a strong increase in
intracellular [Ca2�] in F11-Trpv1 cells as assessed by Fluo-3,
a selective intracellular fluorescent probe for Ca2�, whereas
F11 cells did not show this strong Ca2� influx (Figure 6A).
Importantly, the induction of Ca2� influx in F11-Trpv1 cells
was attenuated by treatment with I-RTX, suggesting that
exogenous Trpv1 functions properly. Using these cells, we
found that low pH medium increased CGRP mRNA in
F11-Trpv1 cells, whereas no changes were detected in pa-
rental F11 cells (Figure 6B). Moreover, knockdown of CREB
inhibited the CGRP mRNA expression induced by low pH
medium in F11-Trpv1 cells (Figure 6, C and D).

We next examined whether CREB was involved in the
regulation of CGRP expression induced by Trpv1 activation
at the transcriptional level using F11 and F11-Trpv1 cells.
Low pH medium significantly increased CREB transcrip-
tional activity in F11-Trpv1 cells as determined by a reporter
assay using 3�CRE-Luc, whereas no changes were detected
in parental F11 cells (Figure 7A). Consistent with the results
in Figure 5C, I-RTX reduced CREB transcriptional activity in
a dose-dependent manner (Figure 7B). Comparison of the
human, mouse, and rat CGRP promoter sequences revealed
that CRE, the putative binding element of CREB, is highly
conserved in the promoter region of the CGRP gene (Figure
7C). Thus, we assessed the effects of protons on CGRP
promoter activity using a reporter assay. Low pH, 5.5, in-
creased CGRP gene promoter activity by approximately
twofold over control (Figure 7D, top two bars). Elevated
promoter activity was decreased by the deletion or mutation
of CRE (Figure 7D, middle two bars and bottom two bars).
ChIP assays further demonstrated that CREB directly bound
to CRE in the CGRP promoter (Figure 7E).

To further examine whether CREB regulates CGRP expres-
sion, we next investigated the effects of A-CREB, a dominant-
negative form of CREB. We found that A-CREB decreased
CGRP promoter activity induced by low pH medium (Figure
8A). Of note, overexpression of A-CREB using the adenovirus
system reduced the expression of CGRP induced by acidic
conditions in both F11-Trpv1 cells and DRG organ culture
(Figure 8, B–E). These data collectively suggest that protons
activate CREB transcriptional activity through Trpv1 and di-
rectly regulate CGRP gene promoter activity.

Involvement of CaMK in the Activation of CREB by
Acidic Conditions
To further explore the intracellular signaling cascade trig-
gered by Trpv1 activation, we investigated the involvement
of CaMK. Immunohistochemical analysis revealed that
CaMK II and CaMK IV were moderately colocalized with
CGRP- and Trpv1-positive neurons in DRGs (Figure 9, A–L).
Interestingly, the increased expression of CGRP mRNA in-
duced by protons was significantly reduced by treatment
with the CaMK inhibitor KN-93 (Figure 9M). Similarly, as

determined by the reporter assay, proton-mediated up-reg-
ulation of CREB transcriptional activity was decreased by
KN-93 (Figure 9, N and O). These data suggest that the
CaMK-CREB signaling pathway participates in the up-reg-
ulation of CGRP expression through activation of Trpv1.

DISCUSSION

Tissue acidosis caused by protons is a characteristic feature
of inflammation. Protons have long been thought to contrib-
ute to the induction of pain (Reeh and Kress, 2001). How-
ever, the underlying molecular basis by which protons in-
duce inflammatory pain is largely unknown. In this study,
we show that the activation of Trpv1 by protons up-regu-

Figure 8. Effects of A-CREB on the up-regulation of CGRP mRNA
expression by protons. (A) F11-Trpv1 cells were transfected with
CGRP(350)-Luc constructs together with empty vector or the A-
CREB expression vector as indicated. Cells were treated with pH 5.5
medium for 24 h. The data are shown as fold activation normalized
to control (mean � SD). *p � 0.05 versus pH 5.5. (B) F11-Trpv1 cells
were infected with adenovirus carrying A-CREB and cultured for
2 d. Cell lysates were used for immunoblotting with anti-FLAG and
anti-�-actin antibodies. (C) F11-Trpv1 cells infected with or without
adenovirus carrying A-CREB were treated with pH 5.5 medium for
8 h. The expression of CGRP mRNA was determined with real-time
PCR. The data are shown as fold activation normalized to control
(mean � SD). *p � 0.05 versus pH 5.5. (D) DRGs isolated from rats
were infected with adenovirus carrying A-CREB and cultured for
2 d. DRG lysates were analyzed using immunoblotting with anti-
FLAG and anti-�-actin antibodies. (E) DRGs infected with or with-
out adenovirus carrying A-CREB were treated with pH 5.5 medium
for 12 h. The expression of CGRP mRNA was determined with
real-time PCR. The data are shown as fold activation normalized to
control (mean � SD). *p � 0.05 versus pH 5.5.
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lates CGRP expression in DRG neurons. We also show that
the activation of the transcription factor CREB is involved in
the promotion of CGRP production.

Accumulating evidence has shown that Trpv1 is a critical
mediator of inflammatory pain (Caterina et al., 1997; Julius
and Basbaum, 2001). Direct activation and sensitization of
Trpv1 has been reported to cause inflammatory pain, which
is mediated by complex mechanisms (Numazaki et al., 2003;
Jin et al., 2004; Zhuang et al., 2004; Mandadi et al., 2006; De
Petrocellis et al., 2007). For example, inflammatory mediators
sensitize Trpv1, which consequently causes hypersensitivity
to thermal and chemical stimuli (Mandadi et al., 2006). Al-
though the hypersensitivity to protons was not well docu-
mented in that study, it is possible that severe inflammatory
pain is associated with a decrease in the threshold for pro-
ton-mediated Trpv1 activation.

In addition to Trpv1, protons directly activate acid-sens-
ing ion channel (ASIC) family members, which are also
expressed in nociceptive sensory neurons (Lingueglia, 2007).
Indeed, many studies suggest that ASICs play important
roles in pain from tissue acidosis associated with inflamma-
tion (Voilley, 2004; Wemmie et al., 2006). However, evidence
suggests that proton-gated ASICs are not involved in the
activation of the CaMK-CREB signaling pathway described
in this study. ASICs are proton gated and primarily related
to amiloride-sensitive Na� channels but not Ca2� channels.
Moreover, low pH did not increase the transcriptional ac-
tivity of CREB in parental F11 cells (Figure 6A), which
express normal levels of ASIC1a, -1b, and -3 (Nagae et al.,
2006). However, because CGRP- and ASIC3-immunoreac-
tive neurons are colocalized (Ichikawa and Sugimoto, 2002),

consistent with the notion that ASICs may be involved in
CGRP up-regulation, signaling cascades other than CaMK-
CREB may play a role in proton-activated ASICs.

Although we focused on CREB as a transcriptional regu-
lator of CGRP expression in this study, several groups have
reported the involvement of other transcription factors in
the regulation of CGRP expression. Viney et al. (2004) re-
ported that the forkhead protein Foxa2 and the bHLH-Zip
proteins USF-1 and -2 bind to an 18-base pairs enhancer
region in the CGRP promoter. In addition, retinoic acid has
been reported to suppress CGRP expression through nuclear
retinoic acid receptors (Lanigan et al., 1993).

In addition to these factors, several groups reported that
transcriptional activity of CREB was modulated by various
signaling cascades in the activation of CGRP promoter.
Watson and Latchman (1995) reported that nerve growth
factor phosphorylated the CREB and increased the CGRP
gene promoter activity through CRE. It has also been re-
ported that p42/p44 mitogen-activated protein kinase and
protein kinase A (PKA) are involved in the CGRP gene
promoter activation (Freeland et al., 2000). Moreover, Bid-
well et al. (2010) revealed that prostaglandin E2 activates
CREB transcriptional activity via a signaling pathway of
PKA. These reports collectively indicate that various stim-
uli and signaling pathways other than CREB are involved
in the regulation of CGRP expression. Thus, it is not
unexpected that immunohistochemical analysis revealed
that CGRP-positive cells were not 100% overlapped with
pCREB-, CaMK-, and Trpv1-positive cells (Figures 1C, 5A,
and 9, A–L).

Figure 9. Involvement of CaMK in CREB activity following Trpv1 activation in DRG neurons. Immunohistochemical analyses of CGRP and
CaMKII (A–C), Trpv1 and CaMKII (D–F), CGRP and CaMKIV (G–I), and Trpv1 and CaMKIV (J–L) in DRG. DRG sections were double-
stained with antibodies as indicated in the figures. Bar, 50 �m (M) DRGs isolated from rats were treated with pH 5.5 medium with or without
the CaMK inhibitor KN-93, which was added 1 h before acid stimulation. The expression of CGRP mRNA was determined with real-time
PCR. The data are shown as fold activation normalized to control (mean � SD). *p � 0.05 versus pH 5.5. (N and O) Effects of KN-93 on the
transcriptional activity of CREB. F11-Trpv1 cells were transfected with 3�CRE-Luc (N) or CGRP (350)-Luc, and cells were treated with pH
5.5 medium for 24 h with or without KN-93. Cells were preincubated with KN-93 for 1 h before treatment with pH 5.5 medium. The data
are expressed as fold activation normalized to the untreated control (mean � SD). *p � 0.05 versus pH 5.5.
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An acidic microenvironment is also generated in malig-
nant tumors (Fukumura and Jain, 2007). Increased produc-
tion and extrusion of protons are associated with features of
tumor malignancy such as invasion, metastasis, and angio-
genesis (Kato et al., 2005; Gatenby et al., 2006; Zhou et al.,
2006). Cancer-induced pain is an important clinical problem.
However, little is known about the biological relationship
between cancer pain and acidosis. Of note, Ghilardi et al.,
(2005) have reported that selective blockade of TRPV1 atten-
uates bone cancer pain. It also has been reported that en-
dogenous CGRP released by neurons facilitates tumor-asso-
ciated angiogenesis and tumor growth (Toda et al., 2008).
Therefore, our findings can be applied toward better under-
standing of the mechanisms of cancer pain and the possible
future development of therapeutic interventions for the
treatment of cancer pain.

There was a concern that exposing cells to pH 5.5 for 24 h
would be detrimental, causing cell death. Accordingly, we
investigated the effects of pH 5.5 medium on the apoptosis
and cell viability. We observed that F11-Trpv1 neuronal cells
treated with1 �M staurosporine as positive control showed
prominent cell death under a microscopy, whereas the cells
were not affected by the treatment with pH 5.5 (data not
shown). Consistent with these results, pH 5.5 medium had
no effects on caspase-3/7 activity and cell viability compared
with control (data not shown). From these results, it is
unlikely that pH 5.5 medium is toxic, causing cell death.

In summary, we show that proton-activated Trpv1 up-
regulates CGRP expression through the activation of CREB,
leading to the induction of pain. These findings provide
insight into the molecular mechanisms underlying proton-
mediated inflammatory pain.
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