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Background and purpose: Changes in extracellular fluid osmolarity, which occur after tissue damage and disease, cause
inflammation and maintain chronic inflammatory states by unknown mechanisms. Here, we investigated whether the
osmosensitive channel, transient receptor potential vanilloid 4 (TRPV4), mediates inflammation to hypotonic stimuli by a
neurogenic mechanism.
Experimental approach: TRPV4 was localized in dorsal root ganglia (DRG) by immunofluorescence. The effects of TRPV4
agonists on release of pro-inflammatory neuropeptides from peripheral tissues and on inflammation were examined.
Key results: Immunoreactive TRPV4 was detected in DRG neurones innervating the mouse hindpaw, where it was
co-expressed in some neurones with CGRP and substance P, mediators of neurogenic inflammation. Hypotonic solutions and
4a-phorbol 12,13-didecanoate, which activate TRPV4, stimulated neuropeptide release in urinary bladder and airways, sites of
neurogenic inflammation. Intraplantar injection of hypotonic solutions and 4a-phorbol 12,13-didecanoate caused oedema and
granulocyte recruitment. These effects were inhibited by a desensitizing dose of the neurotoxin capsaicin, antagonists of CGRP
and substance P receptors, and TRPV4 gene knockdown or deletion. In contrast, antagonism of neuropeptide receptors and
disruption of TRPV4 did not prevent this oedema. TRPV4 gene knockdown or deletion also markedly reduced oedema and
granulocyte infiltration induced by intraplantar injection of formalin.
Conclusions and implications: Activation of TRPV4 stimulates neuropeptide release from afferent nerves and induces neu-
rogenic inflammation. This mechanism may mediate the generation and maintenance of inflammation after injury and during
diseases, in which there are changes in extracellular osmolarity. Antagonism of TRPV4 may offer a therapeutic approach for
inflammatory hyperalgesia and chronic inflammation.
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Introduction

Primary afferent neurones of the dorsal root, trigeminal and
vagal ganglia that have small cell bodies and unmyelinated
(C) or thinly myelinated (A-d) fibres contain substance P (SP)
and calcitonin gene-related peptide (CGRP). Noxious

thermal, mechanical and chemical stimuli activate ion chan-
nels and receptors on afferent fibres in many tissues. These
stimuli induce SP and CGRP release from afferent fibres in the
central nervous system, resulting in nociceptive transmission,
and in peripheral tissues, causing neurogenic inflammation
(McDonald, 1988; Brain and Williams, 1989; Baluk et al.,
1995; 1999; Figini et al., 1997; Grant et al., 2002). Neurogenic
inflammation includes SP-stimulated extravasation of plasma
proteins and adhesion of leukocytes in postcapillary venules,
and CGRP-stimulated arteriolar dilatation. Neurogenic
mechanisms also control contraction of smooth muscle in the
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airway and urinary bladder (Groneberg et al., 2004; Candenas
et al., 2005), fluid and electrolyte secretion in the airway and
intestinal epithelium (Karaki and Kuwahara, 2004), and acti-
vation of cells of the immune system (O’Connor et al., 2004).
These processes contribute to major human diseases, includ-
ing asthma, arthritis, migraine and inflammatory bowel
disease, and drugs that disrupt neurogenic inflammation,
such as CGRP antagonists, are effective therapies for migraine
(Olesen et al., 2004).

An understanding of the mechanisms that cause neuro-
genic inflammation may lead to new treatments for inflam-
mation and pain. The mechanisms by which chemical agents,
such as the pro-inflammatory peptide bradykinin and capsai-
cin, an agonist of transient receptor potential vanilloid
(TRPV) 1, cause neurogenic inflammation and pain have been
thoroughly investigated. Far less is known about how physical
forces cause neurogenic inflammation and pain. Tissue
damage is accompanied by altered hydrostatic pressure of
interstitial fluid and changes in the osmolarity of extracellular
fluid, which causes cells to shrink or swell, occur in diseases
such as diabetes (Puliyel and Bhambhani, 2003; Sorensen
et al., 2006), alcoholism (Vamvakas et al., 1998), aquadynia
(Misery et al., 2003) and syndromes of inappropriate secretion
of antidiuretic hormone (Sorensen et al., 1995), which are
associated with altered pain perception. Changes in extracel-
lular osmolarity induce inflammation and pain (Jensen and
Norup, 1992; Graven-Nielsen et al., 1997; Drewes et al., 2003;
Weerakkody et al., 2003; Bennell et al., 2004), and osmotic
challenges (e.g. inhalation of nebulized hypertonic saline and
water) provoke asthma (Baba et al., 1989; Choi et al., 2003)
and cause inflammation of the airway (Umeno et al., 1990)
and bladder (Maggi et al., 1990) by neurogenic mechanisms.
Hypertonic solutions stimulate release of SP (Mandahl et al.,
1984; Baraniuk et al., 1999) and CGRP (Tramontana et al.,
1991; Del Bianco et al., 1992). However, it is not known how
changes in extracellular osmolarity induce neuropeptide
release and neurogenic inflammation.

We investigated the role of TRPV4 (Alexander et al., 2008)
in neurogenic inflammation induced by osmotic stimuli.
TRPV channels permit afferent nerves to detect thermal,
mechanical and chemical stimuli, and thereby regulate neu-
rogenic inflammation and nociception (reviewed in Pedersen
et al., 2005). TRPV4, the mammalian homologue of the C.
elegans gene Osmosensory-9, is gated by small reductions in
tonicity and by temperatures >27°C (Liedtke et al., 2000;
Guler et al., 2002). TRPV4 is expressed by neurosensory struc-
tures, including circumventricular organs that detect changes
in systemic osmolarity, inner ear hair cells, Merkel cells and
sensory neurones. TRPV4-/- mice show abnormal osmotic
regulation and decreased nociceptive responses to pressure
(Liedtke and Friedman, 2003; Suzuki et al., 2003), and TRPV4
knockdown or deletion reduces nociceptive responses to
hypotonic and mildly hypertonic stimuli (Alessandri-Haber
et al., 2003; 2005). In common with other TRPV channels,
notably TRPV1, inflammatory agents can sensitize TRPV4
(Alessandri-Haber et al., 2003; 2006; Grant et al., 2007),
suggesting that this channel may amplify inflammatory
responses to many agonists. Thus, TRPV4 functions to detect
osmotic and mechanical stimuli. However, the role of TRPV4
in neurogenic inflammation is completely unknown. We

examined the hypothesis that osmotic stimuli activate TRPV4
on sensory nerves to induce neuropeptide release and neuro-
genic inflammation.

Methods

Animals
C57BL6 mice (male, 6–8 weeks) were from Charles River Labo-
ratories (Wilmington, MA, USA). TRPV4-/- and TRPV4+/+ mice
(male and female, 6–8 weeks) have been described previously
(Liedtke and Friedman, 2003). All mice were housed under
constant humidity and temperature, under a 12-h light and
dark cycle. Institutional Animal Care and Use Committees
approved all procedures. At the end of procedures, mice were
humanely killed using sodium pentobarbitone (200 mg·kg-1

i.p.), followed by bilateral thoracotomy.

Paw inflammation
Control and experimental groups were studied on the same
day. Mice were briefly anaesthetized with halothane (5%).
Isotonic saline (0.9% NaCl, 283 mOsm), hypotonic solu-
tion (deionised water, 17 mOsm), hypertonic saline (10%
NaCl, 3250 mOsm), 4a-phorbol 12,13-didecanoate (4aPDD)
(500 mM in 6.7% DMSO and 0.9% NaCl) or DMSO (6.7%
DMSO and 0.9% NaCl) was injected into the plantar surface of
one hind paw (5 mL), using a 30-gauge needle with a 20 mL
Hamilton syringe as previously described (Vergnolle et al.,
2001). All injected solutions were pH 7.4, corrected with
NaOH. The site of injection was marked. To induce neurogenic
inflammation, 1% formalin in 10 mL 0.9% NaCl was injected
into the paw. Paw diameter was measured before and after
injections as an index of oedema using a digital calliper with
a resolution of 10 mM (Fisher Scientific, Hampton, NH, USA)
(Houle et al., 2005). Paw diameter was measured at the site of
injection between the plantar and the dorsal surfaces of the
paw by investigators unaware of the experimental treatment.
Minimal or no compression was exerted onto the paw at the
time of the measurement. After 4 h, myeloperoxidase (MPO)
activity was measured in paws as an index of granulocyte
recruitment. Tissues were homogenized in 0.5% hexadecyltri-
methylammonium bromide phosphate buffered solution (pH
6.0), and supernatants of homogenates were used for enzy-
matic assay in a solution of 3, 3′-dimethoxybenzidine and 1%
hydrogen peroxide. Optical density was measured at 450 nm,
and MPO activity was expressed in units of enzyme mg-1 tissue
compared with pure enzyme. Paw tissue was also collected at
4 h after agonist injection for histological examination. The
injected paws were fixed by immersion in formalin, washed in
50% ethanol in distilled water and embedded in paraffin wax.
Sections (5 mM) were mounted on glass slides and stained with
haematoxylin and eosin as described previously (Vergnolle
et al., 1999).

Antagonists
Mice were treated with antagonists previously reported to
inhibit neurogenic inflammation (Steinhoff et al., 2000). The
CGRP receptor antagonist CGRP8-37 was administered 5 min
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before intraplantar injections (10 mg·kg-1 i.v. plus 10 mg·kg-1

s.c., dissolved in 0.9% NaCl) and then hourly (10 mg·kg-1 i.v.)
(Steinhoff et al., 2000). The SP neurokinin 1 receptor (NK1R)
antagonist SR140333 was administered 30 min before intra-
plantar injections (1 mg·kg-1 s.c., dissolved in 0.1% DMSO
plus 0.9% NaCl) (Steinhoff et al., 2000). These antagonists
were administered at different times because they have dis-
tinctly different half-lives and pharmacokinetic properties.
Capsaicin was administered to deplete sensory neurones of
neuropeptides. Under halothane anaesthesia, capsaicin was
administered three times (one dose of 25 and two doses of
50 mg·kg-1 s.c., dissolved in 10% ethanol, 10% Tween 80 and
80% saline) at 0, 6 and 32 h (Nguyen et al., 2003). Experi-
ments were started 10 days after the last dose of capsaicin, and
the effectiveness of capsaicin treatment was verified by instill-
ing one drop of 0.1 mg·mL-1 capsaicin into the eye and count-
ing wiping movements.

siRNA treatments
Mice were anaesthetized with halothane (5%). The following
siRNA duplexes were injected intrathecally (10 mL of DEPC
water) at 0, 12 and 24 h: TRPV4 siRNA labelled with
6-carboxyfluorescein (6-FAM): 5′-ucuaccaguacuauggcuud(tt)-
3′, 3′-d(tt)agauggucaugauaccgaa-5′, control siRNA with the
same percentage of GC but targeting no known sequence:
6-FAM 5′-caugcuagguuaguacuugd(tt)-3′, 3′-d(tt)guacgaucca
aucaugaac-5′. Other control mice were injected intrathecally
with DEPC water. Experiments began 4 days after the first
injection, as described previously(Cenac et al., 2008).

Retrograde tracing and immunofluorescence
Mice (n = 3) were anaesthetized with sodium pentobarbital
(50 mg·kg-1, i.p.), and 1,1′-dioctadecyl-3,3,3′,3-tetramethyl-
indocarbocyanine perchlorate (DiI, 17 mg·mL-1, 50% DMSO)
was injected into the plantar surface of one hind paw (20 mL).
At 10 days after injection, mice were killed and dorsal root
ganglia (DRG) (L4-L5) were removed and incubated in 4%
paraformaldehyde (100 mM PBS, pH 7.4, 2 h, room tempera-
ture) and then 30% sucrose (overnight, 4°C). DRG were
embedded in OCT compound, and frozen sections (10 mM)
were prepared. Sections were fixed in 4% paraformaldehyde
(3 min) and then washed with PBS containing 5% normal
goat serum and 3% Triton X-100. Sections were incubated in
this buffer with the following primary antibodies: rabbit anti-
TRPV4 (1:500) and guinea-pig anti-substance P (1:250) or
guinea pig anti-CGRP (1:250) (all overnight, 4°C). Washed
slides were incubated with a goat anti-rabbit IgG labelled with
FITC (1:200) and goat anti-guinea pig IgG labelled with Alexa-
647 (1:1000). As a control for TRPV4 specificity, the primary
antiserum was pre-incubated with the peptide used for immu-
nization (10 mM) for 24 h at 4°C before staining.

Confocal microscopy
Single images of sections (1024 ¥ 1024 pixels) were acquired
with a Zeiss LSM510 Meta confocal microscope using a 40X
EC Plan-Neofluor objective (1.3 n.a.). The 488 line of the
Argon laser was used to excite FITC, and the 543 and 633 line

of the HeNe lasers were used to excite DiI and Alexa-647,
respectively. The total cellular pixel intensity of the DiI fluo-
rescence in individual cells was determined using the LSM510
Meta software, and cells with a total intensity of >800 pixels
were chosen as DiI positive neurones.

Neuropeptide release
Slices (~0.4 mm, 50–70 mg) were prepared from the urinary
bladder and airways (trachea and bronchi) of mice at 4°C and
were transferred to 2 mL chambers and superfused at
0.4 mL·min-1 with a Krebs solution (mM: NaCl 119, NaHCO3

25, KH2PO4 1.2, MgSO4 1.5, CaCl2 2.5, KCl 4.7 and D-glucose
11) containing 0.1% BSA, 1 mM phosphoramidon and 1 mM
captopril (37°C, 96% O2, 4% CO2). After a 60 min stabilization
period, 10 min fractions (4 mL) were collected into acetic acid
(final concentration 2N): two fractions prior, one fraction
during and one fraction after administration of the stimulus.
Tissues were stimulated with the TRPV4 agonist 4aPDD
(100 mM) (Watanabe et al., 2002a), or with hypotonic solution
(228 or 17 mOsm). In some experiments, Ca2+ ions were
omitted, or sensory nerves were depleted of neuropeptides
using capsaicin (pre-incubation with 10 mM capsaicin for
20 min before stimulation). Freeze-dried fractions were recon-
stituted with assay buffer and analysed by enzyme immunoas-
says for CGRP and SP (Trevisani et al., 2004). None of the
antibodies cross-reacted with 4aPDD (100 mM). The level of
release of CGRP-LI and SP-LI were calculated by subtracting
the mean pre-stimulus value from those values obtained
during and after stimulation.

Statistical analyses
Results are presented as mean � SE. Data were tested for
normality and then analysed using both ANOVA for repeated
measures and one-way ANOVA followed by a Tukey–Kramer
multiple-comparison post-test for in vivo data, or a Dunnett’s
test for in vitro data.

Materials
4aPDD, DNSO, NaCl, pure enzyme, CGRP8-37 and capsaicin
were obtained from Sigma (St. Louis, MO, USA), SR140333
from Sanofi Montpellier (Montpellier, France; a generous gift
from Dr X. Edmonds-Alt). The siRNA duplexes were pur-
chased from Nucleotide Synthesis Core facilities (University
of Calgary, Calgary, Alberta, Canada), DiI was obtained from
Invitrogen (Carlsbad, CA, USA), OCT compound from Sakura
Finetek (Torrance, CA, USA). Rabbit anti-TRPV4 was pur-
chased from Alomone (Tel Aviv, Israel), guinea-pig anti-
substance P from Chemicon (Temecula, CA, USA), guinea pig
anti-CGRP from Research Diagnostic Inc (Flanders, NJ, USA),
goat anti-rabbit IgG labelled with FITC from Jackson Immu-
noResearch (West Grove, PA, USA), and goat anti-guinea-pig
IgG labelled with Alexa-647 from Invitrogen.

Results

TRPV4 agonists cause inflammation of peripheral tissues
To assess the role of TRPV4 in inflammation, mice received
intraplantar injections of the TRPV4 agonists 4aPDD
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(Watanabe et al., 2002a) or hypotonic solution (Liedtke et al.,
2000; Guler et al., 2002). 4aPDD (5 mL, 500 mM) or hypotonic
solution (5 mL, 17 mOsm distilled water) increased paw diam-
eter by three- to fourfold from 30 min to 4 h compared with
isotonic saline or DMSO vehicle, indicative of oedema
(Figure 1A). 4aPDD and hypotonic solution also increased
tissue MPO activity after 4 h, indicative of granulocyte
recruitment (Figure 1B). Although hypertonic solution (5 mL,

10% NaCl, 3250 mOsm) caused severe oedema, it did not
cause significant granulocyte recruitment (Figure 1B). The
structure of the tissue was disrupted in paw tissues that were
injected with 4aPDD, hypotonic solution or hypertonic solu-
tion, but not those injected with isotonic saline (Figure 1C).
Thus, the established activators of TRPV4, 4aPDD and hypo-
tonic solution, caused oedema, granulocyte recruitment and
tissue disruption, three of the main features of inflammation.

Figure 1 Effects of intraplantar injections of 4a PDD, distilled water (dH2O), 10% NaCl and 0.9% NaCl on paw diameter (A), MPO (B) and
histology of paw tissues (C). Scale bar = 200 mm. 4aPDD, dH2O and 10% NaCl increased paw diameter and paw MPO activity, and disrupted
the structure of the tissue compared with 0.9% NaCl. *P < 0.05 compared with 0.9% NaCl, n = 16 per group for all except for histology,
n = 5 per group. 4aPDD, 4a-phorbol 12,13-didecanoate; MPO, myeloperoxidase.
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TRPV4 agonists cause inflammation by a neurogenic mechanism
To determine the role of sensory nerves in TRPV4-induced
inflammation, we chronically treated mice with capsaicin,
which depletes C and Ad fibres of neuropeptides. Capsaicin
treatment did not affect paw diameter (not shown) or MPO
activity (Figure 2D) in mice receiving intraplantar isotonic
saline. However, capsaicin strongly inhibited the effects
of 4aPDD and hypotonic solution on paw diameter and
MPO activity at most times (Figure 2A, B and D). Capsaicin
also inhibited the effects of hypertonic solution on paw
diameter from 2–4 h, but not on MPO activity (Figure 2C
and D).

SP and CGRP released from C and Ad fibres promote neu-
rogenic inflammation of peripheral tissues (McDonald, 1988;
Brain and Williams, 1989; Baluk et al., 1995; 1999; Figini
et al., 1997; Grant et al., 2002). To determine whether SP and
CGRP mediate the effects of TRPV4 agonists on inflamma-
tion, we treated mice with antagonists of the CGRP and SP
receptors. The CGRP antagonist CGRP8-37 and the NK1R
antagonist SR140333 inhibited the effects of 4aPDD and
hypotonic solution on paw diameter and MPO activity
(Figure 2A, B and D). Although both antagonists similarly

inhibited granulocyte recruitment, the CGRP receptor
antagonist more effectively reduced oedema, inhibiting
4aPDD-induced oedema from 30 min to 4 h, and inhibiting
hypotonic solution-induced oedema from 2–4 h. The NK1

receptor antagonist reduced 4aPDD-induced oedema from
2–4 h, and inhibited hypotonic solution-induced oedema
only at 2 h. Neither CGRP8-37 nor SR140333 affected oedema
or MPO activity in mice receiving hypertonic saline
(Figure 2C and D). Thus, 4aPDD and hypotonic solution
cause paw inflammation by a mechanism that depends on
the release of CGRP and SP from capsaicin-sensitive nerves.
Hypertonic solution induces inflammation by a different
mechanism, involving capsaicin-sensitive fibres, but not
CGRP or SP receptors.

TRPV4 is present in DRG neurones containing CGRP and SP
We have previously reported that TRPV4 colocalizes with
CGRP and SP in DRG neurones of the rat (Grant et al., 2007).
The colocalization of TRPV4, CGRP and SP in primary spinal
afferent neurones innervating the mouse paw would be con-
sistent with a direct effect of TRPV4 agonists on peptide

Figure 2 Effects of capsaicin, CGRP8-37, SR140333 and vehicle (control) on paw diameter (A–C) and MPO (D) of mice after intraplantar
injections of 4aPDD (A), distilled water (dH2O, B), 10% NaCl (C) and 0.9% NaCl (D). Capsaicin, CGRP8-37 and SR140333 inhibited the effects
of 4aPDD and dH2O on diameter and MPO activity, but had little or no effect on responses to 10% NaCl. *P < 0.05 compared with vehicle,
n = 8 per group. 4aPDD, 4a-phorbol 12,13-didecanoate; CGRP, calcitonin gene-related peptide; MPO, myeloperoxidase.
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release in this tissue. To identify DRG neurones innervating
the paw, we injected the retrograde tracer DiI into the plantar
surface, and then localized TRPV4, CGRP and SP using
immunofluorescence. TRPV4-like immunoreactivity (LI) was
detected in a large number of neurones of variable diameter
where it was localized in the cytosol and nucleus (Figure 3).
TRPV4 has also been detected in the nuclei of neurones of the
subventricular organ of mice (Liedtke and Friedman, 2003).
Of the retrogradely labelled DRG neurones containing DiI,
51% (23 of 45 neurones with total DiI pixel intensity >800)
expressed TRPV4-LI. Some neurones expressing TRPV4-LI also
contained CGRP-LI and SP-LI (Figure 3, arrows). However,
TRPV4-LI was also found in DiI-labelled neurones that did not
contain detectable CGRP-LI or SP-LI (Figure 3, arrow heads).
Pre-adsorption of the TRPV4 antiserum with the peptide used
for immunization prevented TRPV4 staining. Thus, TRPV4 is
present in a large proportion of DRG neurones innervating
the paw, and some of these neurones also contain the pro-
inflammatory neuropeptides SP and CGRP.

TRPV4 agonists stimulate the release of SP and CGRP
To directly determine whether TRPV4 agonists promote secre-
tion of pro-inflammatory neuropeptides in peripheral tissues,
we measured the release of SP-LI and CGRP-LI from super-
fused tissues. We examined peptide release from the urinary
bladder and airways because these tissues are richly inner-
vated by primary spinal afferent neurones containing CGRP
and SP, and are established sites of neurogenic inflammation
in mice (Figini et al., 1997; Baluk et al., 1999). We were unable
to study peptide release from the skin since this tissue is more
sparsely innervated by peptidergic neurones and even power-
ful stimulants, such as capsaicin release only small amounts
of CGRP and SP that are difficult to measure (Geppetti,
unpublished observations). We found that 4aPDD (100 mM)
stimulated a >sevenfold increase in SP-LI release, and a 12-fold
increase in CGRP-LI release from both tissues (Figure 4A–D).
Hypotonic solution (228 mOsm) stimulated a five- to eight-
fold increase in SP-LI release, and a 6- to 11-fold increase in
CGRP-LI release from both tissues (Figure 4A–D). Removal of

Figure 3 Localization of TRPV4, CGRP and SP in DiI-labelled DRG (L4-L5) innervating the mouse paw. DiI was injected into the plantar surface
of the hind paw to retrogradely label neurones innervating this tissue. TRPV4-LI was detected in some DiI-labelled neurones containing CGRP-LI
and SP-LI (arrows). However, some neurones expressing TRPV4-LI did not contain detectable DiI, CGRP-LI or SP-LI (arrow heads). Pre-
absorption of the antibody abolished staining (control). Scale bar = 40 mM in top and middle rows and 50 mM in bottom row. CGRP, calcitonin
gene-related peptide; DRG, dorsal root ganglia; LI, like-immunoreactivity; SP, substance P; TRPV, transient receptor potential vanilloid 4 (TRPV).
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extracellular Ca2+ ions or capsaicin-desensitization of tissues
inhibited the stimulating effects of 4aPDD and hypotonic
solution. More hypotonic solutions (17 mOsm) stimulated an
even larger peptide release (not shown). Thus, 17 mOsm solu-
tion induced a 21-fold increase in SP-LI release from bladder
(maximal 125 � 25), a 20-fold increase in SP-LI release from
airway (maximal 98 � 12), a 30-fold increase in CGRP-LI
release from bladder (maximal 357 � 62), and a 57-fold
increase in CGRP-LI release from airway (maximal 452 � 51)
(all values fmol g-1 20 min-1). Thus, known agonists of TRPV4
stimulate the release of pro-inflammatory peptides from
sensory nerve endings in peripheral tissues.

To determine whether 4aPDD and hypotonic solution
stimulate neuropeptide release by activating TRPV4, we
measured neuropeptide release from the urinary bladder and
airways of TRPV4+/+ and TRPV4-/- mice. 4aPDD and hypo-
tonic solution both induced a >sixfold increase in SP-LI
release, and a >10-fold increase in CGRP-LI release from
both tissues from TRPV4+/+ mice (n = 6, not shown). In con-
trast, 4aPDD and hypotonic solution did not stimulate
release of SP-LI or CGRP-LI above baseline from urinary
bladder or airways from TRPV4-/- mice (n = 4). Thus, 4aPDD

and hypotonic solution stimulate neuropeptide release by
activating TRPV4.

TRPV4 mediates the inflammatory actions of 4aPDD and
hypotonic solution, but not those of hypertonic solution
To evaluate directly the contribution of TRPV4 to inflamma-
tion, we used the complimentary approaches of gene-
knockdown (siRNA) and gene-deletion (TRPV4-/- mice).
TRPV4-targeted siRNA or control siRNA, with fluorescent
labels to detect cellular uptake, were injected intrathecally
into mice. After 4 days, fluorescent siRNA had accumulated in
a large proportion of DRG neurones (Figure 5A), to a similar
extent whether animals were injected with siRNA control
(92.7 � 7.0%) or TRPV4 siRNA (94.7 � 3.5%). Injection of
TRPV4 siRNA resulted in a marked reduction in the intensity
of TRPV4-LI (Figure 5A) and in the number of neurones with
detectable TRPV4-LI (Figure 5B), when compared with mice
treated with control siRNA or vehicle (DEPC water). TRPV4
siRNA inhibited the stimulant effects of 4aPDD and hypo-
tonic solution on paw diameter by ~ 50% from 30 min – 2 h,
and prevented the increase in MPO activity at 4 h when

Figure 4 Effects of 4aPDD and hypotonic solution on the release of SP (A, B) and CGRP (C, D) from mouse urinary bladder (left) and airways
(right). 4aPDD and hypotonic solution stimulated release of CGRP and SP, and the effects were abolished by removal of extracellular Ca2+ ions
(-Ca2+) and by capsaicin (Caps) treatment. Neuropeptide release was measured over 20 min. *P < 0.05 compared with basal; #P < 0.05
compared with 100 mM 4aPDD and hypotonic solution. 4aPDD, 4a-phorbol 12,13-didecanoate; CGRP, calcitonin gene-related peptide; DRG,
dorsal root ganglia; SP, substance P.
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compared with control siRNA (Figure 6B, C and E). In con-
trast, TRPV4 siRNA did not affect paw diameter and MPO
activity in mice receiving hypertonic solution (Figure 6D and
E) or isotonic saline (Figure 6A and E). In TRPV4+/+ mice,
4aPDD or hypotonic solution increased paw diameter and
MPO activity, but these effects were significantly reduced in
TRPV4-/- mice (Figure 7A–D). Thus, knockdown or deletion of
TRPV4 inhibits the pro-inflammatory actions of 4aPDD and
hypotonic solution, suggesting that TRPV4 mediates these
effects. In contrast, hypertonic solutions induce inflamma-
tion by a TRPV4-independent mechanism.

TRPV4 contributes to formalin-induced inflammation
We used TRPV4 knockdown or deletion to determine the
contribution of TRPV4 to the inflammatory action of forma-

lin, which is partially mediated by a neurogenic mechanism
(Damas and Liegeois, 1999). Intraplantar injection of forma-
lin caused a large and sustained increase in paw diameter and
MPO activity in mice receiving control siRNA and in TRPV4+/+

mice (Figure 8A–C). However, in mice treated with TRPV4
siRNA and in TRPV4-/- mice, the effects of formalin on paw
diameter and MPO activity were significantly reduced. Thus,
TRPV4 contributes to formalin-induced inflammation, sug-
gesting that TRPV4 is an important endogenous mediator of
this neurogenic inflammatory reaction.

Discussion and conclusions

Inflammation is one of the first defensive responses to injury.
However, an exaggerated inflammatory response can produce

Figure 5 Down-regulation of TRPV4 with siRNA. Vehicle (DEPC water), control siRNA or TRPV4 siRNA was injected intrathecally and DRG were
collected after 4 days to verify uptake of fluorescent 6FAM-siRNA and to localize TRPV4-LI (A). Both control and TRPV4 6FAM-siRNA were
detected in many cells of the DRG. TRPV4-LI was detected in DRG after control siRNA, and this signal was prevented by pre-adsorpion of
antibody (control). Arrows show neurones that have taken up siRNA (6FAM positive) and that did not express TRPV4-LI. Scale bar = 50 mM.
Injection of TRPV4 siRNA down-regulated TRPV4-LI. TRPV4 siRNA also reduced the number of neurones with detectable TRPV4-LI (B). *P < 0.05
compared with DEPC water. DRG, dorsal root ganglia; LI, like-immunoreactivity; TRPV, transient receptor potential vanilloid 4 (TRPV).
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tissue damage, as is observed in chronic inflammatory dis-
eases such as asthma, arthritis and inflammatory bowel
disease. The development of more effective treatments for
these diseases depends on a better understanding of the
mediators of inflammation. In this study, we have shown for
the first time that TRPV4 mediates neurogenic inflammation
induced by a decrease in osmolarity of extracellular fluid, and
we demonstrate that this mechanism occurs in an experimen-
tal model of injury.

Tissue injury generates and releases many well-
characterized chemical mediators that can activate afferent
nerves to cause neurogenic inflammation. By comparison,
far less is known about how physical changes, such as
altered hydrostatic or osmotic pressure of interstitial fluid,
which also occur during injury and disease (Sorensen et al.,
1995; 2006; Vamvakas et al., 1998; Misery et al., 2003;
Puliyel and Bhambhani, 2003), affect the function of affer-
ent nerves. Our results show that TRPV4, a channel that
responds to small reductions in extracellular osmolarity
(Liedtke et al., 2000; Guler et al., 2002), and which partici-
pates in systemic osmotic regulation (Liedtke and Friedman,

2003), plays an important role in tonicity-induced inflam-
mation. We found that hypotonic solutions that can
activate TRPV4 (Guler et al., 2002; Liedtke et al., 2000) and
the TRPV4 agonist 4aPDD (Watanabe et al., 2002a) cause
oedema and granulocyte recruitment, two of the main
features of inflammation. These effects were markedly
diminished by TRPV4 gene knockdown or deletion, and
thus depend, in large part, upon TRPV4 or a product of the
TRPV4 gene.

Intraplantar injection of formalin induces neurogenic
inflammation and pain, and is commonly used to assess the
efficacy of anti-inflammatory and analgesic drugs (Damas and
Liegeois, 1999). Because our results suggest that TRPV4 acti-
vation provokes neurogenic inflammation, we investigated
the contribution of this channel to formalin-induced inflam-
mation. TRPV4 knockdown or deletion inhibited formalin-
induced oedema and granulocyte recruitment. Our results
indicate that endogenous TRPV4 participates in the develop-
ment of inflammation and suggest that TRPV4 blockade
could be a novel therapy for the treatment of neurogenic
inflammation.

Figure 6 Effects of TRPV4 down-regulation with siRNA on paw diameter (A–D) and MPO (E) of mice after intraplantar injections of 0.9% NaCl
(A), 4aPDD (B), distilled water (dH2O, C) or 10% NaCl (D). TRPV4 siRNA inhibited the effects of 4aPDD and distilled water on diameter and
MPO activity, but did not affect the responses to 10% NaCl. *P < 0.05 compared with control siRNA (A–D) or 0.9% NaCl (E); #P < 0.05
compared with control siRNA (E), n = 6 in each group. MPO, myeloperoxidase; TRPV, transient receptor potential vanilloid 4 (TRPV).
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TRPV4 knockdown or deletion reduced but did not abolish
oedema induced by hypotonic solution and by 4aPDD, sug-
gesting the involvement of additional mechanisms. Other
members of the TRP family may be involved, such as TRPA1,
TRPM3 and TRPV2, which can also respond to decreased
osmolarity and mechanical stimuli (Pedersen et al., 2005).
Moreover, TRPV4-/- mice may have developed compensatory
mechanisms, such as overexpression and activation of other
receptors or channels that respond to osmotic or mechanical
stimuli. Such compensatory mechanisms could mask a com-
plete inhibition of oedema. Although intrathecal siRNA
acutely diminished expression of TRPV4 in DRG neurones,
thus reducing the likelihood of compensation, intraplantar
hypotonic solutions and 4aPDD may activate TRPV4 in other
cell types, such as endothelial cells or keratinocytes, to induce
oedema (Watanabe et al., 2002b; Chung et al., 2003; Fian
et al., 2007). TRPV4 knockdown or deletion abolished hypo-
tonic solution- and 4aPDD-induced granulocyte recruitment.
Thus, TRPV4 present on afferent neurones could account for
most of the effects of hypotonic solution and 4aPDD on the
recruitment of inflammatory cells.

Our results show that hypotonic solutions and 4aPDD acti-
vate TRPV4 to induce inflammation by a neurogenic mecha-
nism. Hypotonic solutions and 4aPDD stimulated the release
of SP and CGRP from the urinary bladder and airway, estab-
lished sites of neurogenic inflammation in mice (Figini et al.,
1997; Baluk et al., 1999). This response was Ca2+-dependent,
and is thus dependent on neurosecretion, and prevented by
pre-treatment with a desensitizing concentration of capsaicin,
indicating that CGRP and SP originate from peripheral termi-
nals of capsaicin-sensitive nociceptive fibres. These results are

consistent with the observation that hypotonic solutions and
4aPDD promote the release of SP and CGRP from the central
projections of these fibres in the spinal cord (Grant et al.,
2007). The finding that immunoreactive TRPV4 colocalized in
DRG neurones with CGRP and SP suggests that TRPV4 ago-
nists can directly stimulate neuropeptide release from afferent
nerves. Indeed, we detected TRPV4-LI, CGRP-LI and SP-LI in
the soma of DRG neurones innervating the skin, identified by
retrograde tracing. Furthermore, ablation of sensory nerves
using capsaicin, or antagonism of SP, NK1 or CGRP receptors,
inhibited oedema and granulocyte recruitment caused by
intraplantar injections of hypotonic solution or 4aPDD.
Whereas capsaicin abolished TRPV4-induced oedema and
granulocyte recruitment, indicating an absolute requirement
for capsaicin-sensitive afferent nerves, antagonism of SP NK1R
and CGRP receptors individually was less effective, suggesting
involvement of both SP and CGRP in the inflammatory
response. These results are consistent with the involvement of
both SP and CGRP in neurogenic inflammation of mouse skin
(Grant et al., 2002), and with the role of TRPV4 in
hypotonicity-induced nociception (Alessandri-Haber et al.,
2003). When considered together, these results suggest that
hypotonic solutions and 4aPDD activate TRPV4 on fibres of
primary nociceptive neurones in peripheral tissues, such as
the skin, to induce the local release of SP and CGRP. SP
activates the NK1 receptor on endothelial cells of postcapillary
venules, causing plasma extravasation and granulocyte
recruitment, and CGRP induces arteriolar vasodilatation and
hyperaemia. The combined effects of SP-stimulated plasma
extravasation and CGRP-stimulated vasodilatation may con-
tribute to the measured increase in paw diameter, and

Figure 7 Effects of TRPV4 deletion on paw diameter (A–C) and MPO (D) of mice after intraplantar injections of 0.9% NaCl (A), 4aPDD (B),
or distilled water (dH2O, C). TRPV4-deficient mice (TRPV4-/-) showed significantly less oedema and MPO activity than did wild-type littermates
(TRPV4+/+). *P < 0.05 compared with TRPV4+/+ (A–C) or compared with 0.9% NaCl (D); #P < 0.05 to TRPV4+/+; n = 5 for each group of mice
that received 4aPDD or distilled water, n = 7 for TRPV4+/+ and n = 8 for TRPV4-/- that received 0.9% NaCl. MPO, myeloperoxidase; TRPV,
transient receptor potential vanilloid 4 (TRPV).
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SP-stimulated granulocyte recruitment may account for the
increased MPO activity in tissues. However, TRPV4 is also
expressed by cell types other than neurones, such as endot-
helial cells ( Watanabe et al., 2002b; Chung et al., 2003; Fian
et al., 2007). Thus, although our results strongly suggest that
TRPV4 agonists promote oedema and granulocyte recruit-
ment by a neurogenic mechanism, we cannot exclude the
possibility that hypotonic solution and 4aPDD directly acti-
vate TRPV4 on endothelial cells to cause inflammation.

A hypertonic stimulus caused oedema, but, in contrast to a
hypotonic stimulus and 4aPDD, it did not cause granulocyte
recruitment. Similarly, whereas antagonists of SP, NK1 and
CGRP receptors inhibited inflammation induced by hypo-
tonic solution and by 4aPDD, they did not affect the oedema
response to a hypertonic stimulus. Moreover, TRPV4 knock-
down did not modify hypertonic solution-induced oedema.
Thus, hypertonic stimuli induce oedema by a mechanism that
does not involve activation of TRPV4 on afferent nerves. Our
results are in accordance with a report that a moderately
hypertonic stimulus (10% NaCl) induces pain behaviour by a
TRPV4-independent process (Alessandri-Haber et al., 2005).
However, capsaicin pre-treatment diminished hypertonic
oedema, suggesting an involvement of afferent neurones,
perhaps through activation of channels other than TRPV4.

These findings support the report that hypertonic saline
increases vascular permeability in rat trachea by a neurogenic
mechanism (Umeno et al., 1990).

Although TRPV4 has been implicated in hypotonic, neuro-
pathic and chemotherapy-induced pain (Alessandri-Haber
et al., 2003; 2004), our study is the first to implicate this
channel directly in inflammatory processes. Inflammatory
mediators can sensitize TRPV4, thereby enhancing its activa-
tion (Alessandri-Haber et al., 2003; 2006; Grant et al., 2007).
Thus, our study provides evidence that TRPV4 mediates
inflammatory responses to hypoosmotic stimuli and to the
amplification of inflammation. Antagonism of this channel
may offer a novel therapeutic approach for both inflamma-
tory hyperalgesia and chronic inflammation.
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