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Although the transient receptor potential vanilloid 4 (TRPV4) has been implicated in the process of osmomechanical transduction, it
appears to make little contribution to the normal somatosensory detection of mechanical stimuli. However, evidence suggests that it may
play an important role in mechanical hyperalgesia. In the present study, we examined the common requirement for TRPV4 in mechanical
hyperalgesia associated with diverse pain models and investigated whether the very close association observed between TRPV4 and
mechanical hyperalgesia, regardless of etiology, reflects a close functional connection of TRPV4 with other molecules implicated in
mechanical transduction. In models of painful peripheral neuropathy associated with vincristine chemotherapy, alcoholism, diabetes,
and human immunodeficiency virus/acquired immune deficiency syndrome therapy, mechanical hyperalgesia was markedly reduced by
spinal intrathecal administration of oligodeoxynucleotides antisense to TRPV4. Similarly, mechanical hyperalgesia induced by pacli-
taxel, vincristine, or diabetes was strongly reduced in TRPV4 knock-out mice. We also show that �2�1 integrin and Src tyrosine kinase,
which have been implicated in mechanical transduction, are important for the development of mechanical hyperalgesia, and that their
contribution requires TRPV4. Furthermore, we establish a direct interaction between TRPV4, �2 integrin, and the Src tyrosine kinase Lyn
in sensory neurons. We suggest that TRPV4 plays a role in mechanotransduction, as a component of a molecular complex that functions
only in the setting of inflammation or nerve injury.
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Introduction
The contribution of transient receptor potential vanilloid 4
(TRPV4) to mechanical hyperalgesia associated with either pac-
litaxel chemotherapy-induced painful peripheral neuropathy or
pronociceptive inflammatory mediators (Alessandri-Haber et al.,
2004, 2006) suggests a potential role for TRPV4 in the transduc-
tion of mechanical stimuli in the sensitized primary afferent no-
ciceptor. However, TRPV4 is unlikely to be directly gated by
mechanical forces in the cell membrane because it does not re-
spond to membrane distortion in vitro (Strotmann et al., 2000).
Thus, we hypothesize that functional coupling between TRPV4
and other molecules underlies mechanical transduction in the
setting of inflammation or nerve injury.

Integrins have been implicated in the transduction of osmotic
stimuli and mechanical stretch (Wang et al., 1993; Wang and
Ingber, 1994; Nebe et al., 1995; Shyy and Chien, 1997; Aplin et al.,

1998; Mobasheri et al., 2002; Browe and Baumgarten, 2003; Ing-
ber, 2003a; vom Dahl et al., 2003) and in mechanical hyperalgesia
(Alessandri-Haber et al., 2004; Dina et al., 2004). Also, integrins
can contribute to mechanical transduction through the modula-
tion of ion channels, via a Src tyrosine signaling pathway (Aplin et
al., 1998; Mobasheri et al., 2002; Waitkus-Edwards et al., 2002;
Browe and Baumgarten, 2003). We recently demonstrated that
TRPV4-mediated nociceptive behaviors in the presence of in-
flammatory mediators depend on Src tyrosine kinase
(Alessandri-Haber et al., 2005) and that paclitaxel-induced hy-
peralgesia requires integrin, Src tyrosine kinase, and TRPV4 sig-
naling pathways (Alessandri-Haber et al., 2004). In this study, we
demonstrate that TRPV4 plays a basic role in mechanical hyper-
algesia of diverse etiologies: painful peripheral neuropathy in-
duced by chemotherapy (vincristine) (Aley et al., 1996), alcohol
binge drinking (Dina et al., 2006), diabetes [streptozotocin
(STZ)] (Aley and Levine, 2002), and nucleoside analog reverse
transcriptase inhibitor acquired immune deficiency syndrome
(AIDS) therapy [2�,3�-dideoxycytidine (ddC)] (Joseph et al.,
2004). Furthermore, our findings suggest that TRPV4 is associ-
ated with �2�1 integrin and Src tyrosine kinase in a molecular
complex in sensory neurons that mediates mechanotransduction
in a diverse range of hyperalgesic states but that does not contrib-
ute to normal nociception.
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Materials and Methods
Animals
Experiments were performed on 180 –200 g adult male Sprague Dawley
rats (Charles River, Hollister, CA) and on male C57BL/6 mice lacking a
functional TRPV4 gene (TRPV4 �/� mice) (Liedtke and Friedman,
2003) and male TRPV4 wild-type littermates (TRPV4 �/�). Experimen-
tal protocols were approved by the University of California, San Fran-
cisco Committee on Animal Research and conformed to National Insti-
tutes of Health guidelines for the use of animals in research.

Drugs
Vincristine sulfate, ddC, STZ, paclitaxel, diisothiocyanatostilbene 2,2�-
disulfonic acid (DIDS), prostaglandin E2 (PGE2), serotonin (5-HT), his-
tamine, and substance P were purchased from Sigma (St. Louis, MO).
Bradykinin was purchased from ICN Biomedicals (Aurora, OH). The Src
family tyrosine kinase-specific inhibitor, PP1 (Hanke et al., 1996), the
specific inhibitor of Syk, a related protein kinase not belonging to the Src
family (Oliver et al., 1994), piceatannol (PCT), and the specific activator
of Src tyrosine kinase, YEEIP, were purchased from Biomol (Plymouth
Meeting, PA). The �2 integrin-blocking antibody was purchased from
BD PharMingen (San Jose, CA).

For behavioral experiments, stock solutions of substance P, bradyki-
nin, histamine, 5-HT, and YEEIP were made in saline. Stock solution of
PGE2 was made in 10% ethanol, whereas stock solutions of PP1 and
piceatannol were made in 10% DMSO. For all drugs, final experimental
dilutions were made in saline on the day of the experiment (final con-
centrations of ethanol or DMSO were �1%). Stock solution and final
experimental concentration of the �2 integrin-blocking antibody was
made in distilled water.

For calcium imaging and immunoprecipitation experiments, stock
solutions of PGE2, PP1, and piceatannol were made in 10% DMSO. Stock
solutions of DIDS, YEEIP, and 5-HT were made in distilled water. Final
experimental concentrations were made in isotonic or hypotonic solu-
tion on the day of the experiment.

Animal models of neuropathic pain in the rat and mouse
Vincristine-induced neuropathy (chemotherapy). Vincristine sulfate was
dissolved in saline and administered intravenously into the tail vein at a
single dose of 200 �g/kg followed by 0.5 ml saline flush (Aley and Levine,
2002). Control rats received an equal volume of saline. Nociceptive test-
ing was performed 5 d after vincristine injection, when mechanical hy-
peralgesia was maximal. TRPV4 �/� and TRPV4 �/� mice received a
single 200 �g/kg dose of vincristine intraperitoneally.

Paclitaxel-induced neuropathy (chemotherapy). Paclitaxel was formu-
lated at a concentration of 1 mg/ml in a vehicle composed of absolute
ethanol and Cremophore EL; final paclitaxel concentration of 1 �g/2.5 �l
was made in sterile saline at the time of injection (Dina et al., 2001;
Alessandri-Haber et al., 2004). In rat, paclitaxel was injected intraperito-
neally once a day for 10 d. In mice, it was injected intraperitoneally at a
single dose of 6 mg/kg in TRPV4 �/� and TRPV4 �/� mice.

Streptozotocin-induced neuropathy (diabetes). Streptozotocin was dis-
solved in saline (50 mg/ml) and administered intravenously into a tail
vein of the rat at a single dose of 50 mg/kg (Aley and Levine, 2001).
Control rats received an equal volume of saline. Blood glucose concen-
tration was determined daily using a glucometer (Life Scan, Milpitas,
CA). Nociceptive testing was done 5 d after streptozotocin injection,
when mechanical hyperalgesia was maximal. TRPV4 �/� and TRPV4 �/�

mice received a single intraperitoneal injection of streptozotocin (75
mg/kg).

ddC-induced neuropathy (AIDS therapy). 2�,3�-Dideoxycytidine was
dissolved in saline to a concentration of 25 mg/ml and was administered
intravenously into a tail vein at a single dose of 50 mg/kg (Joseph et al.,
2004). Nociceptive testing was done 5 d after ddC injection, when me-
chanical hyperalgesia was maximal.

Alcohol withdrawal-induced neuropathy, a model of binge drinking. Rats
were fed Lieber-DeCarli liquid diet containing 6.5% v/v ethanol (Dyets,
Bethlehem, PA) (Lieber and DeCarli, 1982, 1989; Lieber et al., 1989).
Control rats were pair-fed (i.e., calorically matched to the ethanol-
exposed rats) a diet in which equal calories of maltose-dextrin was con-

sumed in place of ethanol (Lieber and DeCarli, 1989). The daily admin-
istration of ethanol or control diet (Dina et al., 2000) was modified in the
present study to mimic binge drinking by administering the ethanol or
control diet for four days of the week and then replacing it with standard
lab chow for the remaining three days (Dina et al., 2006). Experiments
involving Src inhibitors and �2 integrin and TRPV4 antisense and mis-
match oligodeoxynucleotide (ODN) were performed 5 weeks after start-
ing the alcohol diet, when mechanical hyperalgesia was maximal (Dina et
al., 2006).

Mechanical nociceptive threshold in rat
Mechanical nociceptive thresholds were evaluated by the Randall-Sellito
paw withdrawal test (Ugo-Basile algesimeter; Stoelting, Chicago, IL) as
described previously (Aley and Levine, 2001; Aley et al., 2001). Baseline
mechanical thresholds were recorded as the mean of three measurements
(at 10 min intervals) before the injection of hypotonic solution or phar-
macological reagents. As a negative control, we verified that the injection
of 10% DMSO in rat hindpaw had no effect on paw-withdrawal thresh-
old (E. K. Joseph and O. A. Dina, unpublished data). For experiments
involving acute effects of PP1, piceatannol, YEEIP, inflammatory soup
(PGE2, 5-HT, histamine, substance P, and bradykinin, 100 ng each), or
the �2 integrin-blocking antibody, the agents were injected intrader-
mally 30 min before behavioral testing.

Flinch test in rats
As described previously (Zheng and Chen, 2001; Zhang et al., 2003;
Alessandri-Haber et al., 2004; Houck et al., 2004), rats were acclimated in
a transparent observation chamber for 30 min. Then they were briefly
restrained while 10 �l of hypotonic (deionized water, 17 mOsm) or
isotonic (0.9% NaCl, 283 mOsm) solution was administered intrader-
mally into the dorsum of the hindpaw via a 30-gauge needle connected to
a 100 �l syringe by polyethylene tubing. Rats were observed immediately
after the injection for a 5 min period, and the number of flinches ob-
served was recorded as the flinch score. For experiments involving PP1,
piceatannol, and �2 integrin-blocking antibody, these agents were in-
jected intradermally at the site of the hypotonic solution injection, 45
min before behavioral testing. For the experiments testing the recovery
from the acute effect of PP1 and piceatannol, flinching and mechanical
thresholds were measured 24 h after the injection of the drugs.

Mechanical nociception in mouse
Mice were acclimated for 15–20 min in a transparent box with a metal
mesh floor. A calibrated von Frey hair monofilament (Stoelting) was
applied through the mesh floor to the plantar skin of the hindpaw. Me-
chanical nociception was measured as the total number of paw with-
drawals in response to a series of 5 applications (at 3 min intervals) of a
0.17 mN von Frey hair (Alessandri-Haber et al., 2006).

ODN preparation and administration
The TRPV4 antisense ODN sequence 5�-CATCACCAGGATC-
TGCCATACTG-3� and the �2 integrin antisense ODN sequence 5�-
GCACCGAATAGCCAAACTGT-3� (Invitrogen, Carlsbad, CA), were
directed against unique regions of the rat TRPV4 channel and �2 integrin
(GenBank accession numbers, NM_023970 and XM_345156.2, respec-
tively). The mismatch ODN sequence was designed by mismatching 7
and 8 bases (denoted by bold face) of the TRPV4 (5�-CAACAGG-
AGGTTCAGGCAAACTG-3�) and �2 integrin (5�-GGTCCGTTTAGC-
GTAACTAC-3�) antisense sequence.

ODN was reconstituted in nuclease-free saline (10 �g/�l) and was
administered into the spinal intrathecal space at a dose of 40 �g/20 �l,
once a day for 3 d. For this procedure, rats were anesthetized with 2.5%
isoflurane (97.5% O2), a 30-gauge needle was inserted into the subarach-
noid space on the midline between the L4 and L5 vertebrae, and ODN
was injected at 1 �l/s using a microsyringe (Alessandri-Haber et al.,
2003).

We have demonstrated previously that TRPV4 is present in sensory
nerve fibers, presumably being transported from the cell body toward the
peripheral nerve endings, and that our antisense ODN treatment proce-
dure induces a significant and specific decrease in TRPV4 protein expres-
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sion level in ligated saphenous nerve (Alessandri-Haber et al., 2003,
2004).

For experiments investigating the effect of treatment with TRPV4 or
�2 integrin antisense ODN on nociceptive thresholds, behavioral testing
was performed 12 h after the last ODN injection. For experiments involv-
ing recovery from treatment with TRPV4 or �2 integrin antisense ODN,
behavioral testing was performed 4 d after the last ODN injection to allow
time for synthesis of new protein and its transport to the peripheral
terminals.

Western blot
Saphenous nerves from anesthetized alcohol-fed rats were ligated with
silk surgical suture (4-0) 1 cm above the knee-level bifurcation. A 5 mm
section of saphenous nerve proximal to the ligation was removed 3 d after
the ligation. Membrane protein preparation and Western blot analyses
were performed as described previously (Alessandri-Haber et al., 2003).
The membrane was probed with affinity-purified anti-TRPV4 (1:500)
(Alessandri-Haber et al., 2003) or anti-�2 integrin antibody (1:100, SC-
9089; Santa Cruz Biotechnology, Santa Cruz, CA) followed by incuba-
tion with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(1:5000; Pierce Biotechnology, Rockford, IL). To normalize the loaded
samples, affinity-purified mouse monoclonal anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody (1:5000; Abcam, Cam-
bridge, MA) was used followed by incubation with HRP-conjugated goat
anti-mouse IgG (1:5000; Pierce Biotechnology). Membranes were incu-
bated with enhanced chemiluminescence reagents (Pierce Biotechnol-
ogy), and images of the membrane were acquired with Chemilmager
chemiluminescence imaging system and analyzed with AlphaEaseFC
software (Alpha Innotech, San Leandro, CA).

Dorsal root ganglion cell culture
L4 –L6 dorsal root ganglia (DRGs) were harvested from TRPV4 �/� and
TRPV4 �/� mice or from rats treated with ethanol for 3 weeks, and
dissociated and cultured as described previously (Alessandri-Haber et al.,
2003). Briefly, dissociated cells were plated on coverslips treated with
poly-DL-ornithine (0.1 mg/ml; Sigma) and laminin (5 �g/ml; Invitro-
gen), incubated at 37°C in 96.5% air and 3.5% CO2. Neurons were main-
tained in culture for 2 d in DMEM supplemented with 50 –100 ng/ml
nerve growth factor, 100 U/ml penicillin/streptomycin, MEM vitamins,
and 10% heat-inactivated fetal calf serum (all from Invitrogen). Two
days after plating, neurons were used for either calcium imaging or im-
munoprecipitation experiments.

Calcium imaging
Calcium imaging was performed using the fluorescent calcium indicator
fura-2 AM applied to neurons between 24 and 72 h after DRG dissocia-
tion, as described previously (Alessandri-Haber et al., 2003). Briefly, neu-
rons were loaded with 5 �M fura-2 AM for 20 min in isotonic solution
(312 mOsm). Experiments were performed at 20 –23°C with the perfu-
sion at a flow rate of 1–2 ml/min. Cells were perfused with isotonic
solution for 10 min before the beginning of the recording to allow com-
plete removal of fura-ester that was not hydrolyzed.

Measurement of the concentration of free calcium ions ([Ca 2�]i) was
performed by ratiometric imaging with an intensified charge-coupled
device camera. Fluorescence was excited at 340 and 380 nm, and emitted
light was long filtered at 510 nm. The fluorescence ratio, F340/F380, was
calculated with Metafluor software (Universal Imaging, Downingtown,
PA). Calcium calibration was performed with a fura 2 calcium imaging
calibration kit (Invitrogen), and apparent free [Ca 2�]i was calculated
from the equation [Ca 2�]i � Kd � [(R � Rmin)/(Rmax � R)] � (Fmax

380 /
Fmin

380 ), where Rmin is the ratio at zero free Ca 2�, Rmax is the ratio at
saturating Ca 2� (e.g., 39 �M), Fmax

380 is the fluorescence intensity exciting
at 380 nm for zero Ca 2�, and Fmin

380 is the fluorescence intensity at satu-
rating free Ca 2�.

Given the absence of specific pharmacological blockers of TRPV4, we
minimized conductance via other ion channels by using a combination
of room temperature, HEPES buffer, and variation of osmolarity by
modifying only D-mannitol concentration. Thus, the standard isotonic
solution (312 mOsm) contained (in mM) 88 NaCl, 5 KCl, 1 MgCl2, 2.4
CaCl2, 110 D-mannitol, and 10 HEPES, and was buffered to pH 7.38 with

NaOH. The hypotonic solution was adjusted to 212 mOsm (30% hypo-
tonic) by lowering the amount of D-mannitol to 10 mM. Osmolarity and
pH were measured before each experiment. The vehicle for fura-2 AM,
DMSO, at its final working dilution did not induce any response in DRG
neurons.

To measure the calcium response of DRG neurons to hypotonicity, we
averaged the value of the fluorescence ratio when the stimulus-induced
increase in [Ca 2�]i reached a maximum plateau. This fluorescence ratio
was then normalized with respect to the baseline value: fluorescence ratio
during hypotonic stimulation divided by resting fluorescence ratio in
isotonic solution. The fluorescence ratio was then converted to apparent
free [Ca 2�]i. At the end of each experiment, a short exposure to solution
containing 20 mM KCl was performed to confirm that all cells studied
exhibited electrical excitability typical of healthy neurons.

For experiments testing the effect of the anti-�2 integrin antibody,
neurons were challenged with 30% hypotonic solution containing PGE2

and 5-HT (10 �M each) for 3 min and rinsed with an isotonic solution
containing PGE2 and 5-HT, until [Ca 2�]i had recovered fully. Then
neurons were perfused with isotonic solution containing PGE2, 5-HT,
and anti-�2 integrin antibody (purified hamster anti-rat CD49b mono-
clonal antibody, catalog #554998; BD PharMingen, 5 �g/ml) for 20 min,
and challenged with a 30% hypotonic solution containing PGE2, 5-HT,
and anti-�2 integrin antibody for 3 min. The effect of the anti-�2 inte-
grin antibody was calculated from the normalized fluorescence ratio dur-
ing exposure to 30% hypotonic solution containing the antibody divided
by the normalized fluorescence ratio in 30% hypotonic solution before
the antibody. A similar protocol was used to test the effect of the inhibi-
tors of Src tyrosine kinases, PP1 and piceatannol.

Immunoprecipitation
DRG neurons isolated from adult male rats and cultured for 2 d were
incubated in ice-cold lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM

EDTA, 5 mM iodoacetamide, 1% NP-40, 0.25% sodium deoxycholate,
pH 7.4, and complete mixture of protease inhibitors from Roche, India-
napolis, IN). TRPV4 was immunoprecipitated by incubating the super-
natant with 1:500 of affinity-purified anti-TRPV4 antibody (Alessandri-
Haber et al., 2003) for 3 h at 4°C, followed by overnight incubation with
Protein A/G Plus-agarose (SC-2003; Santa Cruz Biotechnology) at 4°C.
Immunoprecipitates were washed three times. Membrane lysates and
immunoprecipitates were subjected to SDS gel electrophoresis. The
membrane was then probed with anti-�2 integrin antibody (1:200, SC-
9089; Santa Cruz Biotechnology) followed by incubation with HRP-
conjugated goat anti-rabbit IgG or with the anti-Lyn antibody (1:300,
SC-7274; Santa Cruz Biotechnology) followed by incubation with biotin-
SP-conjugated affinipure goat anti-rabbit IgG (1:1000; Jackson Immu-
noResearch, West Grove, PA) and a final incubation with streptavidin-
peroxidase (1:500; Sigma). Membranes were incubated with enhanced
chemiluminescence reagents (Pierce Biotechnology), and images of the
membrane were acquired with Chemilmager chemiluminescence imag-
ing system and analyzed with AlphaEaseFC software (Alpha Innotech).

Data analysis
Data are presented as mean � SEM and comparisons between groups
performed by Student’s t test or ANOVA, which, if significant, was fol-
lowed by Tukey’s or Dunnett’s post hoc multiple-comparisons test. Sig-
nificance was defined as p � 0.05.

To assess for significant differences between groups of rats receiving
pretreatment with either TRPV4 ODN antisense or mismatch, in the
onset of mechanical hyperalgesia, two-way repeated-measures ANOVAs
with one within-subjects factor (days) and one between-subjects factor
(ODN) was performed. If there was a significant two-way (days by ODN)
interaction, follow-up one-way between-subjects ANOVAs with two lev-
els (antisense and mismatch ODN) were performed for each time point.
A Bonferroni-type adjustment was applied to the � level (� � 0.05/
number of comparisons) for these analyses, to correct for effects of mul-
tiple comparisons.
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Results
Mechanical and osmotic hyperalgesia depend on TRPV4
To assess the contribution of TRPV4 to the mechanical hyperal-
gesia associated with diverse models of neuropathic pain, rats
experiencing hyperalgesia were treated with a spinal intrathecal
administration of antisense or mismatch ODN for TRPV4, daily
for 3 d. TRPV4 antisense ODN reversed the mechanical hyperal-
gesia in alcohol-fed rats (Fig. 1A) (4 � 2% decrease in mechanical
nociceptive threshold for TRPV4 antisense- vs 35 � 2% for

mismatch-treated rats; n � 6 for each group; p � 0.0001, un-
paired Student’s t test), and reduced it by approximately one-half
in the other three models (Fig. 1A) (44% in both STZ- and ddC-
and 53% in vincristine-treated rats; n � 8 for antisense- and n �
6 for mismatch-treated rats; all p � 0.05). Of note, this effect of
antisense ODN on mechanical hyperalgesia was completely re-
versible; 4 d after the last ODN injection, the mechanical paw
withdrawal threshold was no longer significantly different be-
tween antisense- and mismatch-treated rats (all p � 0.05, un-
paired Student’s t test).

TRPV4 functions as an osmotransducer in nociceptors
(Alessandri-Haber et al., 2003), and nociceptive flinching behav-
ior in response to hypotonic stimulation depends on TRPV4
(Alessandri-Haber et al., 2003, 2005, 2006). Thus, we investigated
whether TRPV4-mediated osmotransduction was enhanced in
these pain models. Rats treated with vincristine, ddC, STZ, and
alcohol showed a significant number of flinches in response to
intradermal injection of hypotonic solution (10 �l of deionized
water, 17 mOsm) in the hindpaw. As shown in Figure 1B, rats
treated with vincristine and ddC have, respectively, a 6.5- and a
5.9-fold increase in the number of flinches induced by hypoto-
nicity, whereas rats treated with STZ and alcohol showed a four-
fold increase compared with that in naive rats (2.9 � 0.2, n � 46
for naive; 19 � 2, n � 6 in vincristine-treated; 17 � 2, n � 6 in
ddC-treated; 12 � 2, n � 6 in STZ-treated; and 12 � 1, n � 24 in
alcoholic-treated rats; p � 0.0001, Dunnett’s multiple-
comparison test). To test the contribution of TRPV4 to the
hypotonicity-induced nociceptive behavior, rats received spinal
intrathecal administrations of antisense or mismatch ODN for
TRPV4, daily for 3 d. Compared with mismatch, antisense ODN
for TRPV4 reduced the number of flinches induced by hypoto-
nicity by 89% in vincristine-treated, 88% in ddC-treated, 83% in
STZ-treated, and 52% in alcohol-fed rats (Fig. 1B).

To determine whether the reduction in the nociceptive behav-
iors caused by TRPV4 antisense administration is associated with
a decrease in the level of TRPV4 protein, a group of alcohol-fed
rats was treated with TRPV4 ODN for 3 d, and saphenous nerves
were harvested the following day and processed for Western blot-
ting. As previously reported, a doublet band at 98 and 107 kDa
was detected (Delany et al., 2001; Alessandri-Haber et al., 2003;
Liedtke and Friedman, 2003; Xu et al., 2003). Antisense ODN
treatment caused a 38 � 8% decrease in the level of expression of
TRPV4 protein in ligated nerve from antisense-treated vs
mismatch-treated rats (Fig. 1C) (n � 6 for each ODN group; p �
0.05, unpaired Student’s t test). This value is similar to the de-
crease in TRPV4 protein reported previously in control or
paclitaxel-treated rats after 3 d of antisense injection (Alessandri-
Haber et al., 2003, 2004). To confirm the recovery of TRPV4
protein expression level after cessation of ODN injection, West-
ern blots were performed on ligated saphenous nerve of alcoholic
rats harvested 4 d after the last ODN injection; the level of TRPV4
protein expression was not significantly different between
antisense- and mismatch-treated rats (n � 4 for each ODN
group; p � 0.05, unpaired Student’s t test).

Because TRPV4 antisense ODN reversed alcohol-induced
mechanical hyperalgesia, we tested the possibility that the neuro-
pathic hyperalgesia might be correlated with an increase in the
level of TRPV4 protein expression, by performing Western blots
on ligated saphenous nerves of rats fed alcohol or control diet.
However, the level of TRPV4 protein in alcohol-fed rats was not
significantly different from that in rats fed control diet (n � 8 for
alcohol-fed and n � 6 for control rats; p � 0.05, unpaired Stu-
dent’s t test) suggesting that the alcohol-induced hyperalgesia is

Figure 1. Contribution of TRPV4 to the hypersensitivity for mechanical and hypotonic stim-
uli in diverse models of painful peripheral neuropathy. A, Rats treated with vincristine, STZ, ddC,
or alcohol showed a decrease in their mechanical nociceptive thresholds (gray bars). Spinal
intrathecal treatment with TRPV4 antisense (TRPV4 AS, white bars), compared with mismatch
oligodeoxynucleotides (TRPV4 MM, black bars), reversed the mechanical hyperalgesia in
alcohol-fed rats and reduced it by 53% in vincristine- and 44% in STZ- and ddC-treated rats,
respectively. B, Injection of 10 �l of hypotonic solution induced a significantly higher number of
flinches in vincristine-, STZ-, ddC-, and alcohol-treated compared with control rats. TRPV4 an-
tisense, compared with mismatch ODN, reduced the increase in the number of flinches induced
by hypotonicity by 89% in vincristine-treated (2.2 � 1.7 for antisense- vs 19.6 � 2.4 for
mismatch-treated rats; n � 6 for each ODN group; p � 0.0001, unpaired Student’s t test), 83%
in STZ-treated rats (1.8 � 0.6 for antisense- vs 12.1 � 1.2 for mismatch-treated rats; n � 6 for
each ODN group; p � 0.0001, unpaired Student’s t test), 88% in ddC-treated (1.7 � 0.3 for
antisense- vs 17 � 2 for mismatch-treated; n � 6 for each ODN group; p � 0.0001, unpaired
Student’s t test), and 52% in alcohol-fed rats (5.6 � 0.7 for antisense- vs 14.3 � 1.2 for
mismatch-treated; n � 6 for each ODN group; p � 0.0001, unpaired Student’s t test). C, There
was a significant decrease in the level of TRPV4 protein expression in saphenous nerve from
alcoholic rats treated with antisense compared with mismatch ODN-treated rats (38 � 8%;
n � 6 for each ODN group; p � 0.05, unpaired Student’s t test). The amount of protein loaded
in each lane was normalized by probing the membrane with an anti-GAPDH antibody. *p �
0.05.
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not related to an increase in TRPV4 protein expression. Of note,
similarly, whereas TRPV4 antisense ODN reverses paclitaxel-
induced mechanical hyperalgesia, the level of TRPV4 protein in
ligated nerve from paclitaxel-treated rats is not significantly dif-
ferent from in control rats (Alessandri-Haber et al., 2004).

TRPV4 contributes to the development of
mechanical hyperalgesia
To determine whether TRPV4 is necessary for the development
of neuropathy-induced mechanical hyperalgesia, we tested
whether intrathecal treatment with TRPV4 antisense, initiated
before rats were exposed to alcohol or STZ, would prevent the
development of mechanical hyperalgesia. These two models were
chosen because they represent models for which TRPV4 anti-
sense ODN treatment is the most and the least effective at revers-
ing mechanical hyperalgesia. Rats were treated with TRPV4 anti-
sense for 3 d before and 3 d after STZ injection. On the day after
the STZ injection, mechanical hyperalgesia was reduced by two-
thirds in antisense- compared with mismatch-treated rats (Fig.
2A) (n � 6 for each group; p � 0.001). After completion of the
ODN treatment on day 3, the mechanical hyperalgesia was grad-
ually unmasked, and by day 7 there was no significant difference
in paw withdrawal threshold between the two ODN-treated
groups (Fig. 2A). Of note, day 7 corresponds to the fourth day
after the last ODN injection, a time by which the level of TRPV4
protein expression in antisense- and mismatch-treated rats is not
significantly different.

A separate group of rats was treated with TRPV4 antisense
ODN for 3 d before and 14 d after the first alcohol exposure. We
chose 14 d after alcohol diet initiation because we recently dem-
onstrated that two cycles of alcohol withdrawal (2 weeks) induces
marked mechanical hyperalgesia (Dina et al., 2006). Alcohol-fed
rats pretreated with TRPV4 antisense did not develop mechanical
hyperalgesia compared with the mismatch-treated rats (Fig. 2B)
(n � 6 for each ODN group; p � 0.001). However, after comple-
tion of the ODN treatment on day 14, the mechanical hyperalge-
sia was gradually unmasked, and by day 18 the paw withdrawal
threshold was not significantly different between the antisense
and mismatch ODN groups (Fig. 2B).

As an independent test of the importance of the contribution
of TRPV4 in mechanical hyperalgesia associated with small-fiber
neuropathy, C57BL/6 mice lacking a functional TRPV4 gene
(TRPV4�/�) and wild-type littermates (TRPV4�/�) received an
intraperitoneal injection of STZ (75 mg/kg), vincristine (200 �g/
kg), or paclitaxel (6 mg/kg). All three drugs induced mechanical
hyperalgesia that lasted at least 2 weeks in TRPV4�/� mice. The
baseline withdrawal response to von Frey hair stimulation was
not significantly different between TRPV4�/� and TRPV4�/�

mice (n � 12 for each group; p � 0.05, unpaired Student’s t test).
However, 4 d after the injection of STZ, vincristine or paclitaxel,
the withdrawal response frequency was markedly increased in
TRPV4�/� mice compared with that in TRPV4�/� mice (Fig.
3A) (n � 8 for each group). To further investigate the role of
TRPV4 in the development and maintenance of mechanical hy-
peralgesia, mice treated with STZ, vincristine, or paclitaxel were
tested daily for a week. The mechanical hyperalgesia in the three
groups was impaired in TRPV4�/� mice from the day after the
drug injection (day 1), and by day 7 the withdrawal response
frequency was decreased by 70% in TRPV4�/� mice treated with
paclitaxel, whereas STZ- and vincristine-treated TRPV4�/� mice
showed an 	 50% decrease in their response compared with
TRPV4�/� mice (Fig. 3B).

�2�1 integrin and Src tyrosine kinase contribute to TRPV4-
dependent nociceptive behaviors
The demonstration of a role of TRPV4 in the mediation of me-
chanical hyperalgesia of various etiologies supports the sugges-
tion that TRPV4 contributes to mechanotransduction in the set-
ting of nociceptor sensitization. Given that TRPV4 does not
respond to membrane deformation in vitro (Strotmann et al.,
2000), we hypothesized that it requires interaction with other
molecules to mediate mechanotransduction in sensitized pri-
mary afferents. Integrins are good candidates for such molecules
because they are mechanosensors that can contribute to mechan-
ical transduction through the modulation of ion channels via a
Src tyrosine signaling pathway (Aplin et al., 1998; Mobasheri et
al., 2002; Waitkus-Edwards et al., 2002; Browe and Baumgarten,
2003; Katsumi et al., 2004), and specific integrins are necessary
for the development of mechanical hyperalgesia (Dina et al.,
2004). In addition, we recently demonstrated that paclitaxel-
induced mechanical hyperalgesia is dependent on TRPV4, inte-
grins, and Src tyrosine kinase, suggesting the possibility of a re-

Figure 2. Contribution of TRPV4 to neuropathic mechanical hyperalgesia. A, Rats were
treated with either TRPV4 antisense (AS) or mismatch (MM) ODN for 6 d. Streptozotocin was
administered on day 3. Two-way repeated-measures ANOVA showed a significant group by
time interaction (F(4,88) � 22.511; p � 0.001) and a significant main effect of group (F(1,22) �
34.107; p � 0.001). Post hoc one-way ANOVAs (group with 2 levels, antisense and mismatch)
revealed that paw withdrawal threshold differed significantly between the two groups from
day 4 (the first day after receiving STZ) to day 8. B, TRPV4 antisense or mismatch ODN were
administered daily for 14 d starting 3 d before the commencement of ethanol diet. Rats were fed
the ethanol diet for four days of the week [day 0 (D0)–D4], and they were fed standard lab chow
for the remaining three days (D4 –D7). A repeated-measures ANOVA with one within-subjects
factor (days with 10 levels) and one between-subjects factor (ODN with 2 levels, antisense and
mismatch) demonstrated a significant ODN by days interaction (F(9,90) � 18.448; p � 0.001)
and a significant main effect of ODN (F(1,10) �50.744; p�0.0001). Post hoc one-way between-
subjects ANOVAs showed that the ODN groups differed significantly from day 7 ( p � 0.001) to
day 15 ( p � 0.051).
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quired functional interaction between these molecules
(Alessandri-Haber et al., 2004; Dina et al., 2004). We focused on
�2�1 integrin because it is expressed in both DRG neurons and
receptive endings of cutaneous mechanoreceptors (Andrew et al.,
1992; Tomaselli et al., 1993; Khalsa et al., 2000) and it has been
shown to modulate mechanotransduction in cutaneous mech-
anoreceptors (Khalsa et al., 2004). Thus, we investigated whether
�2�1, Src tyrosine kinase, and TRPV4 closely interact to mediate
mechanical hyperalgesia.

The first step to test this hypothesis was to assess the contri-
bution of �2�1 integrin in mechanical hyperalgesia associated
with paclitaxel and alcohol binge drinking, two very distinct
models of small fiber neuropathies that are TRPV4 dependent.
Rats were treated with �2 integrin antisense ODN daily for 3 d.
This protocol reversed the mechanical hyperalgesia in both
paclitaxel- and alcohol-treated rats (Fig. 4A). In contrast, �2 in-
tegrin antisense ODN did not significantly affect the nociceptive
mechanical threshold in control rats (Fig. 4A), supporting the
suggestion of a distinct role of �2�1 integrin in mechanotrans-
duction in sensitized nociceptors. The effect of the �2 integrin
antisense was reversible: 4 d after the last ODN injection, the
mechanical hyperalgesia induced by alcohol or paclitaxel was not
significantly different from the pre-ODN baseline (Fig. 4A) ( p �
0.05, Tukey’s multiple-comparison test).

To further support a functional interaction between TRPV4
and �2�1 integrin, we investigated whether �2 integrin antisense
could reduce nociceptive behaviors in response to hypotonicity.
Treatment with �2 integrin antisense ODN reduced the number
of flinches by 68 and 45% in alcohol-fed and paclitaxel-treated
rats, respectively, compared with mismatch ODN (Fig. 4B). In
fact, �2 integrin antisense reduced the number of flinches in
response to an intradermal hypotonic solution to the same extent

as treatment with TRPV4 antisense in both
alcohol-fed (Fig. 1A) and paclitaxel-
treated rats (Alessandri-Haber et al., 2004).
Again, the effect of �2 integrin antisense
was reversible and 4 d after the last ODN
injection, nociceptive behaviors in re-
sponse to hypotonicity were similar to the
pre-ODN baseline. Of note, the antisense
ODN did not affect the number of flinches
in response to hypotonic stimulation in
control rats.

To determine whether the reduction in
nociceptive behaviors induced by �2 inte-
grin antisense ODN treatment is associated
with a reduction in the level of �2 integrin
protein, we performed Western blot anal-
yses on saphenous nerve harvested from
alcohol-fed rats. As shown in the inset in
Figure 4A, the expected 150 kDa band was
detected with a 38 � 6% reduction in the
�2 integrin protein expression level in li-
gated saphenous nerve of antisense- com-
pared with mismatch-treated rats (n � 5
for each ODN group; p � 0.004, unpaired
Student’s t test).

We next assessed the contribution of
Src tyrosine kinase to mechanical hyperal-
gesia. We recently demonstrated that the
enhanced responses to mechanical and os-
motic stimuli in paclitaxel-treated rats as
well as the hypotonicity-induced increase

in [Ca 2�]i in nociceptors in vitro depend on Src tyrosine kinase
(Alessandri-Haber et al., 2004). Thus, we investigated the effect of
PP1, a specific inhibitor of Src family tyrosine kinase (Hanke et
al., 1996), on the enhanced nociceptive behaviors in alcohol-fed
rats. As a control, we used piceatannol, a specific inhibitor of Syk,
a related protein kinase not belonging to the Src family (Oliver et
al., 1994).

Intradermal injection of PP1 (1 �g/2.5 �l) in the hindpaw 30
min before mechanical nociceptive threshold testing, inhibited
mechanical hyperalgesia in alcohol-fed rats (Fig. 5A) (32.7 �
1.8%, n � 12 without vs 0.4 � 1.4%, n � 6 after PP1; p � 0.001,
unpaired Student’s t test). In contrast, injection of PCT (1 �g/2.5
�l) did not have a significant effect (32.7 � 1.8%, n � 12 without
vs 33.7 � 1.6%, n � 6 after piceatannol; p � 0.05, unpaired
Student’s t test). Twenty-four hours after the administration of
PP1, its effect was no longer present and there was no significant
difference between the two groups of rats ( p � 0.05, unpaired
Student’s t test). Of note, PP1 did not affect the mechanical no-
ciceptive threshold in rats fed control diet (Fig. 5A).

Next, we tested the effect of these inhibitors on hypotonicity-
induced nociceptive behavior in alcohol-fed rats. Hypotonic so-
lution was injected in the hindpaw 45 min after the injection of
the inhibitors at the same site. As shown in Figure 5B, PP1 re-
duced the number of flinches by 60% (13.2 � 0.4, n � 12 without
vs 5 � 1, n � 6 after PP1; p � 0.0001, unpaired Student’s t test),
whereas piceatannol had no significant effect (13.2 � 0.4, n � 12
without vs 13.3 � 0.8, n � 6 after piceatannol; p � 0.05, unpaired
Student’s t test). Twenty-four hours after administration of the
inhibitors, there was no significant difference in the number of
flinches between the two groups of rats ( p � 0.05, unpaired
Student’s t test). These inhibitors had no effect on the number of
hypotonicity-induced flinches in rats fed control diet (Fig. 4B)

Figure 3. Paclitaxel-, STZ-, and vincristine-induced mechanical hyperalgesia is impaired in TRPV4 �/� mice. A, The with-
drawal response to von Frey hair mechanical stimuli is similar in naive TRPV4 �/� (solid bars; n �12) and TRPV4 �/� mice (clear
bars; n � 12). Four days after a single intraperitoneal injection of STZ (75 mg/kg), vincristine (200 �g/kg), or paclitaxel (6
mg/kg), TRPV4 �/� mice exhibit only an 	1.5-fold increase in withdrawal frequency response compared with the approxi-
mately threefold increase present in TRPV4 �/� mice (n � 8 for each group of mice). *p � 0.05. B, Time course of mechanical
hyperalgesia after a single intraperitoneal injection of paclitaxel, STZ, or vincristine in TRPV4 �/� (filled circles; n � 8) and
TRPV4 �/� mice (open squares; n � 8), expressed as mean hindpaw withdrawal frequency (%) � SEM.
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(n � 6 for each group of rats; p � 0.05,
ANOVA). Also, the number of flinches in-
duced by intradermal injection of hypo-
tonic solution after pretreatment with PP1
in alcohol-fed rats was not significantly dif-
ferent from the number of flinches in rats
fed control diet (n � 6 for control diet rat
preinhibitor and n � 6 for alcohol-fed rats
after PP1; p � 0.05, unpaired Student’s t
test). Of note, PP1 reduced the number of
flinches induced by hypotonicity to the
same extent as treatment with TRPV4 an-
tisense (Fig. 1A).

Finally, we investigated, in vitro,
whether the Src kinase inhibitors modu-
lated the response to hypotonic solution of
DRG neurons from alcohol-fed rats. DRG
neurons were first challenged with a 30%
hypotonic solution and then challenged
with a hypotonic solution containing ei-
ther PP1 (10 �M) or piceatannol (30 �M).
As shown in Figure 5C, the presence of PP1
reduced the hypotonicity-induced increase
in [Ca 2�]i by 26% (n � 14; p � 0.001,
paired Student’s t test), whereas the pres-
ence of piceatannol had no significant ef-
fect (n � 10; p � 0.05, paired Student’s t
test); all extracellular solutions contained
DIDS (100 �M) to inhibit swelling-
activated chloride channels, which are
known to interact with Src tyrosine kinase
signaling pathways (Voets et al., 1998; Shi
et al., 2002).

Our results demonstrate that a Src ty-
rosine kinase-dependent pathway and
TRPV4 are essential to the development of
mechanical hyperalgesia associated with
distinct neuropathies. However, despite
the similar reduction in the hyperalgesia to
hypotonic and mechanical stimuli induced
by PP1 and TRPV4 antisense ODN in
alcohol-fed rats (Figs. 1A,B, 5A,B), these
results do not demonstrate a direct interac-
tion between Src tyrosine kinase and
TRPV4. To begin to address this issue, we
investigated whether intradermal injection
of the Src tyrosine kinase activator peptide, YEEIP, could induce
TRPV4-dependent mechanical hyperalgesia. Intradermal injec-
tion of YEEIP (100 ng) induced a significant decrease in mechan-
ical nociceptive threshold in control rats (Fig. 6) (34.4 � 1.2%;
n � 10). To assess the contribution of TRPV4 to the mechanical
hyperalgesia induced by YEEIP, rats were treated with TRPV4
antisense or mismatch ODN daily for 3 d. As shown in Figure 6,
treatment with TRPV4 antisense markedly reduced the YEEIP-
induced mechanical hyperalgesia (6.8 � 4.3% decrease in me-
chanical nociceptive threshold for TRPV4 antisense- vs 36.2 � 1.3%
for TRPV4 mismatch-treated; n � 6 for each group; p � 0.0001
unpaired Student’s t test). Four days after the last ODN injection,
when TRPV4 protein expression level would have recovered, the
decrease in nociceptive thresholds induced by intradermal injection
of YEEIP was not significantly different between rats previously
treated with TRPV4 antisense or mismatch (Fig. 6) (n � 6 for each
ODN group; p � 0.05, unpaired Student’s t test).

Physical and functional interaction between TRPV4, the Src
tyrosine kinase Lyn, and �2 integrin
Our results suggest that �2�1 integrin and Src tyrosine kinase
might directly interact with TRPV4 in the production of mechan-
ical hyperalgesia. Integrins have been shown to directly activate
members of the Src tyrosine kinase family in focal adhesion ki-
nase signaling (Shyy and Chien, 1997; Aplin et al., 1998; Wang et
al., 2005), and Src tyrosine kinase Lyn has been demonstrated to
phosphorylate TRPV4 in HEK 293 cells (Xu et al., 2003). Thus,
we hypothesized that TRPV4 may contribute to mechanical hy-
peralgesia by direct interaction with �2 integrin and the Src ty-
rosine kinase, Lyn. To test this, we immunoprecipitated TRPV4
from cultured DRG neurons and used Western blots to detect �2
integrin and Lyn. Neurons were isolated from five alcohol-fed
rats and immunoprecipitation with anti-TRPV4 antibody
(1:500) was performed on the second day of culture. As shown in
Figure 7A, a specific 150 kDa band corresponding to �2 integrin

Figure 4. Hyperalgesia to hypotonic and mechanical stimuli depend on �2 integrin. A, Treatment with �2 antisense (AS) ODN
for 3 d reversed the mechanical hyperalgesia in alcohol-fed [n � 12 for antisense- and n � 10 for mismatch (MM)-treated; p �
0.0001, unpaired Student’s t test] and paclitaxel-treated rats (n � 8 for antisense- and mismatch-treated rats; p � 0.0001,
unpaired Student’s t test). The effect of the antisense was reversible; 4 d after the last ODN injection, the mechanical hyperalgesia
induced by alcohol or paclitaxel was not significantly different from the pre-ODN baseline. In contrast, �2 integrin antisense ODN
did not affect mechanical thresholds in control-fed rats (n � 10 for antisense- and n � 8 for mismatch-treated; p � 0.05,
unpaired Student’s t test). Inset, There was a 38 � 6% decrease in protein expression level in saphenous nerve of alcohol-fed rats
treated with �2 integrin antisense- compared with mismatch-treated (n � 5 in each ODN group; p � 0.004, unpaired Student’s
t test). The amount of protein in both lanes was confirmed to be comparable by probing the membrane with an anti-GAPDH
antibody. B, Treatment with �2 integrin antisense markedly reduced the number of flinches induced by intradermal injection of
hypotonic solution in both alcohol-fed (n � 12 for antisense- and n � 10 for mismatch-treated rats; p � 0.0001, unpaired
Student’s t test) and paclitaxel-treated rats (n�8 for each ODN group; p�0.0001, unpaired Student’s t test). In fact, the number
of flinches induced by hypotonicity in alcohol-fed or paclitaxel-treated rats after treatment with �2 integrin antisense ODN was
not significantly different from the number of flinches induced by hypotonicity in rats fed control diet (n � 8 for paclitaxel rats
treated with �2 integrin AS; n � 12 for alcohol rats treated with �2 integrin AS; n � 10 for rats fed with control diet treated with
�2 integrin AS; p � 0.05, ANOVA). *p � 0.05.
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and a 50 kDa band corresponding to Lyn were detected by West-
ern blot. The coimmunoprecipitation of TRPV4, �2 integrin, and
Lyn was reproducible in three independent experiments. To rule
out the possibility of nonspecific binding to protein A/G, an im-
munoprecipitation without primary anti-TRPV4 antibody was
run in parallel for each experiment, and no bands were detected
at the molecular weight of �2 integrin or Lyn. These results sug-
gest that �2�1, Lyn, and TRPV4 directly interact.

To further demonstrate a functional contribution of �2�1/Src
tyrosine kinase in TRPV4-mediated mechanical hyperalgesia, we

investigated whether �2�1 integrin also contributes to the me-
chanical hyperalgesia induced by inflammatory mediators
(Alessandri-Haber et al., 2006). We previously demonstrated that
PP1 reversed the TRPV4-mediated nociceptive response to hy-
potonic stimuli in the presence of prostaglandin E2 (Alessandri-
Haber et al., 2005). To assess the contribution of �2�1 integrin,
rats were treated with �2 integrin antisense ODN for 3 d and were
tested on the fourth day for a decrease in mechanical threshold
after the injection of a soup of inflammatory mediators (brady-
kinin, substance P, PGE2, 5-HT, and histamine at 100 ng each).
This inflammatory soup did not induce mechanical hyperalgesia
in rats treated with �2 integrin antisense ODN (Fig. 7B) (n � 14,
33.8 � 1.1% decrease in mechanical nociceptive threshold for
baseline vs 0.74 � 2%, n � 10 for antisense-treated). The effect of
the antisense ODN was reversible; 4 d after the last ODN treat-
ment, the intradermal injection of inflammatory soup in rat
hindpaw induced a mechanical hyperalgesia comparable in mag-
nitude to that produced before antisense ODN treatment (n � 14
for baseline and n � 10 for �2 integrin antisense-treated; p �
0.05, unpaired Student’s t test). As an independent test, we inves-
tigated whether intradermal injection of a function-blocking
anti-�2 integrin antibody (100 ng) in rat hindpaw would also
reduce mechanical hyperalgesia induced by inflammatory soup.
As shown in Figure 7B, anti-�2 integrin antibody reversed me-
chanical hyperalgesia (n � 4).

We recently demonstrated that inflammatory mediators en-
hance the increase in [Ca 2�]i induced by 30% hypotonic solution
in DRG neurons isolated from TRPV4�/� mice but not from
TRPV4�/� mice (Alessandri-Haber et al., 2006). Therefore, to
further support direct functional interaction between �2�1 inte-
grin and TRPV4, we tested whether �2 integrin-blocking anti-
body reduced the response of DRG neurons to hypotonic solu-
tion in the presence of inflammatory mediators in vitro. Small-
diameter DRG neurons (�25 �m) isolated from TRPV4�/� and
TRPV4�/� mice were challenged with a 30% hypotonic solution
(212 mOsm) containing PGE2 and 5-HT (10 �M each) for 3 min
and perfused with isotonic solution (312 mOsm) containing
PGE2 and 5-HT until [Ca 2�]i had fully recovered. Then the neu-
rons were perfused with isotonic solution containing PGE2,
5-HT, and anti-�2 integrin antibody (5 �g/ml) for 20 min and
challenged with a hypotonic solution containing PGE2, 5-HT,

Figure 5. Enhanced response to hypotonic and mechanical stimuli in alcohol-fed rats de-
pends on Src tyrosine kinase. A, Intradermal injection of PP1 (specific inhibitor of Src family
tyrosine kinase) 30 min before measurement of nociceptive thresholds reversed the alcohol-
induced mechanical hyperalgesia (mean�SEM, 32.7�1.8%, n�12 before and 0.4�1.4%,
n � 6 after PP1; p � 0.001, unpaired Student’s t test). In contrast, the injection of PCT had no
effect on mechanical thresholds (n � 12 before and n � 6 after piceatannol; p � 0.05, un-
paired Student’s t test). There was no significant difference between the two groups of rats 24 h
after the injection of the inhibitors (n � 6 after PP1 or piceatannol; p � 0.05, unpaired Stu-
dent’s t test). Of note, intradermal injection of PP1 did not affect mechanical thresholds in rats
fed control diet. B, Intradermal injection of PP1 reduced the number of flinches induced by
hypotonicity in alcohol-fed rats by 60% (13.2 � 0.4, n � 12 before and 5 � 1, n � 6 after PP1;
p � 0.0001, unpaired Student’s t test), whereas PCT had no effect. Of note, the number of
flinches induced by hypotonicity after PP1 in alcohol-fed rats was not significantly different
from the number of flinches induced by hypotonic solution in control diet rats. The number of
flinches induced by hypotonicity was not significantly different between the rats treated with
PP1 or piceatannol 24 h after the injection of the inhibitors ( p � 0.05, unpaired Student’s t
test). C, Mean [Ca 2�]i for neurons first challenged with a 30% hypotonic solution (212 mOsm)
and then challenged with a 30% hypotonic solution containing either PP1 (10 �M) or piceat-
annol (30 �M). PP1 decreased the hypotonicity-induced increase in [Ca 2�]i by 26% (1.51 �
0.14 �M before and 1.11 � 0.04 �M in presence of PP1; n � 14; p � 0.001, paired Student’s
t test), whereas piceatannol did not have a significant effect (n � 10; p � 0.05, paired Stu-
dent’s t test). All extracellular solutions contained DIDS (100 �M). *p � 0.05.

Figure 6. Src tyrosine kinase-induced mechanical hyperalgesia is TRPV4 dependent. Intra-
dermal injection of the specific activator of Src family tyrosine kinase, YEEIP peptide (100 ng), 30
min before measurement of nociceptive thresholds, induced a decrease in mechanical nocicep-
tive thresholds in control rats (gray bar, 34.4 � 1.2%; n � 10). Treatment with TRPV4 anti-
sense (AS) markedly reduced the YEEIP-induced mechanical hyperalgesia (6.8 � 4.3% de-
crease in mechanical nociceptive threshold for TRPV4 antisense- and 36.2 � 1.3% for TRPV4
mismatch (MM)-treated rats; n � 6 for each group; p � 0.0001 unpaired Student’s t test). Four
days after ODN injection, the decrease in nociceptive thresholds induced by intradermal injec-
tion of YEEIP peptide was not significantly different between rats previously treated with anti-
sense or mismatch (n � 6 for each group; p � 0.05, unpaired Student’s t test). *p � 0.05.
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and anti-�2 integrin antibody for 3 min. The �2 integrin-
blocking antibody reversed the increase in [Ca 2�]i induced by
inflammatory mediators in DRG neurons isolated from
TRPV4�/� mice ( p � 0.05, paired Student’s t test; n � 19).

Discussion
We recently demonstrated that mechanical hyperalgesia induced
by inflammatory mediators and the chemotherapy drug pacli-
taxel both depend on TRPV4 (Alessandri-Haber et al., 2004,
2006). This finding was surprising because the etiologies of the
mechanical hyperalgesia associated with these two conditions are
very different. One explanation may be that TRPV4 plays a basic
role in mechanical hyperalgesia and that it participates in the
transduction of mechanical stimuli only in hyperalgesic states.
Therefore, we investigated the role of TRPV4 in several additional
pain models associated with very different cellular mechanisms.
In every model tested, the mechanical hyperalgesia is markedly
impaired in the absence of TRPV4 function. This finding suggests
that drugs with very different mechanisms of action (vincristine,
streptozotocin, ddC, paclitaxel, and alcohol) converge to activate
a shared molecular mechanism to produce hypersensitivity to
mechanical stimuli.

Moreover, after the recovery from TRPV4 antisense treatment
and without additional drug administration, the level of mechan-
ical hyperalgesia in antisense-treated rats returns to a value com-
parable with that in mismatch-treated rats, regardless of whether
the antisense is given before or after the full development of the
induced mechanical hyperalgesia (Figs. 1A, 2A). This observa-
tion suggests that although TRPV4 is required for expression of
the hyperalgesia, additional mechanisms must maintain the la-
tent hyperalgesic state induced by the neurotoxic drugs.

A potential role of TRPV4 in mechanotransduction has been
controversial, with conflicting evidence reported in the literature.
On one hand, TRPV4 contributes to both mechanical hypersen-
sitivity and to the detection of intense noxious mechanical stim-
uli (Liedtke and Friedman, 2003; Suzuki et al., 2003; Alessandri-
Haber et al., 2004, 2006), and transgenic expression of
mammalian TRPV4 in ASH nociceptive neurons of Caenorhab-
ditis elegans worms with a mutation of the osmosensing TRPV
gene Osm9 restores osmotic and mechanical avoidance in these
worms (Liedtke et al., 2003). On the other hand, TRPV4 does not
contribute to the detection of threshold-level nociceptive me-
chanical stimuli (Liedtke and Friedman, 2003; Suzuki et al.,
2003), and most importantly, membrane deformation in vitro
does not increase TRPV4 current (Liedtke et al., 2000; Strotmann
et al., 2000; Suzuki et al., 2003).

The fact that TRPV4 is not normally directly activated by
membrane deformation does not, however, mean that it cannot
participate in mechanotransduction, because different gating
models of mechanotransduction are emerging in the literature
(Lumpkin and Caterina, 2007). Based on the “tensegrity” model
of mechanotransduction (Wang et al., 1993; Ingber, 1997), we
hypothesized that TRPV4 may be coupled to other mechanically
sensitive proteins in sensory neurons. In this model, mechanical
forces applied to integrins either from the extracellular matrix or
cytoskeleton are transduced into biochemical signals at focal ad-
hesion sites (Ingber, 1997, 2003a,b; Wang et al., 2001; Alenghat
and Ingber, 2002). Mechanotransduction would occur when
forces are transmitted through integrins to modulate the func-
tion of associated ion channels (McPhee et al., 1998; Wang et al.,
2000; Wu et al., 2001; Mobasheri et al., 2002; Wildering et al.,
2002; Shakibaei and Mobasheri, 2003; Gui et al., 2006). Consis-
tent with this model integrins have been implicated in the trans-
duction of osmotic stimuli and mechanical stretch (Sadoshima
and Izumo, 1997a,b; Voets et al., 1998; Browe and Baumgarten,
2003; vom Dahl et al., 2003) and in mechanical hyperalgesia
(Dina et al., 2004). In the present study, we investigated the role

Figure 7. Direct interaction of TRPV4 with �2 integrin and Src tyrosine kinase. A, Proteins
were extracted from DRG neurons isolated from alcohol-fed rats cultured for 2 d. TRPV4 was
immunoprecipitated with anti-TRPV4 antibody (1:500) and immunoprecipitates were sub-
jected to SDS gel electrophoresis. The membrane was then probed with anti-�2 integrin anti-
body (1:200) or with anti-Lyn antibody (1:300). IP, Immunoprecipitation; IB, immunoblot. B,
Intradermal injection of a soup of inflammatory mediators in rat hindpaw induces a decrease in
mechanical nociceptive thresholds in the rat. Spinal intrathecal injection of �2 integrin anti-
sense (AS) ODN prevented the induced mechanical hyperalgesia (n � 10) and the effect of the
antisense was reversible. Similarly, intradermal injection of anti-�2 integrin antibody (Ab; 100
ng/10 �l) before the intradermal injection of the inflammatory soup markedly reduced the
mechanical hyperalgesia (n � 4). C, Small-diameter DRG neurons from TRPV4 �/� and
TRPV4 �/� mice were first challenged with a 30% hypotonic solution containing the inflam-
matory mediators PGE2 and 5-HT (10 �M each) for 3 min and then challenged with a 30%
hypotonic solution containing PGE2, 5-HT, and the anti-�2 integrin antibody (5 �g/ml). The
inflammatory mediator-induced increase in [Ca 2�]i is reversed in the presence of anti-�2
integrin antibody in TRPV4 �/� mice (3.71�1.03 before anti-�2 integrin antibody and 1.8�
0.3 after; n � 19; p � 0.0001, paired Student’s t test), whereas it has no effect on [Ca 2�]i in
TRPV4 �/� mice (1.8�0.2 before and 1.7�0.2 after anti-�2 integrin antibody; n �30; p �
0.05, paired Student’s t test). *p � 0.05.
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of �2�1 integrin in particular, for several reasons: (1) paclitaxel-
induced mechanical hyperalgesia is dependent on �1 integrin
(Dina et al., 2004), (2) �2�1 colocalizes with peripherin in the
receptive terminals of cutaneous neurons in rat hairy skin
(Khalsa et al., 2000), and (3) �2�1 modulates mechanotransduc-
tion in slowly and rapidly adapting cutaneous mechanoreceptors
(Khalsa et al., 2004).

We demonstrate that treatment with �2 integrin antisense
ODN reverses mechanical hyperalgesia induced by peripheral ad-
ministration of inflammatory mediators to the same extent as
does TRPV4 antisense ODN (Alessandri-Haber et al., 2006). That
�2�1 integrin and TRPV4 may act together to transduce me-
chanical stimuli in sensory neurons is suggested by our observa-
tion that anti-�2 integrin antibody markedly reduces the TRPV4-
mediated response to hypotonicity in cultured dorsal root
ganglion neurons (Fig. 7C). Finally, the idea that TRPV4 and
�2�1 integrin directly interact with each other as members of a
molecular complex is supported by our observation that TRPV4
coimmunoprecipitates with �2 integrin in cultured DRG
neurons.

Although we hypothesized that the interaction between
TRPV4 and integrins occurs within the sensory endings of pri-
mary afferent nerve fibers, it is conceivable that an interaction
between TRPV4 and �2�1 integrin in skin keratinocytes (Chung
et al., 2003, 2004; Parks, 2007) may, indirectly, lead to nociceptor
sensitization. However, because antisense ODN for TRPV4 and
�2 integrin were administered by spinal intrathecal injection,
among all the cells in the skin only sensory neurons are exposed to
the ODN. In addition, we demonstrate that treatment with
TRPV4 or �2 integrin antisense ODN significantly decreases ex-
pression of TRPV4 or �2 integrin protein in saphenous nerve.
Because the nerves were ligated to dam transport of proteins from
the cell body to the terminals, these results suggest that TRPV4
and �2 integrin are present in sensory nerve fibers, presumably
being transported to the terminals in the skin. Although we can-
not exclude the possibility of an additional effect of the intrathe-
cal injection of antisense on spinal neurons or glia, our results
strongly suggest that interaction between TRPV4 and �2�1 inte-
grin within sensory nerve endings is required.

Our results do not indicate the exact nature of the interaction
that occurs between TRPV4 and �2�1 integrin. However, inte-
grins can contribute to mechanical transduction by the modula-
tion of ion channels via a Src tyrosine pathway (Aplin et al., 1998;
Mobasheri et al., 2002; Waitkus-Edwards et al., 2002; Browe and
Baumgarten, 2003), and �2�1 integrin has been shown to acti-
vate Src tyrosine kinase in other cell types (Schmidt et al., 1998;
Sanders and Basson, 2004). We demonstrate here that �2�1, an
integrin implicated in mechanical transduction in sensory neu-
rons (Khalsa et al., 2000, 2004), and Src tyrosine kinase are im-
portant for the development of mechanical hyperalgesia. Impor-
tantly, we also demonstrate that activation of Src tyrosine kinase,
by YEEIP, induces a TRPV4-dependent mechanical hyperalgesia
and that at least one member of the Src tyrosine kinase family,
Lyn, coimmunoprecipitates with TRPV4 in DRG neurons. These
findings support the idea that a direct interaction between Src
tyrosine kinase and TRPV4 is responsible for the integrin-
dependent activation of TRPV4 contribution to the mechanism
of mechanical hyperalgesia. Tyrosine kinases are known to regu-
late trafficking of ion channels and receptors; recent reports dem-
onstrate that Src tyrosine kinases participate in the modulation of
TRP channel function (Xu et al., 2003; Odell et al., 2005; Yao et
al., 2005; Zhang et al., 2005; Sternfeld et al., 2007) and can induce

membrane insertion and activation of TRPC4, a canonical TRP
channel (Odell et al., 2005).

One mechanism by which TRPV4 might come into play in
hyperalgesic states would be by upregulation of its expression.
Injury of the sciatic nerve can alter the expression of integrins in
DRG neurons, including �2�1 (Wallquist et al., 2002, 2004).
However, neither the present study nor previous investigations in
rat models of diabetic neuropathy and traumatic nerve injury
(Facer et al., 2007; Frederick et al., 2007) have detected a signifi-
cant change in the expression of TRPV4. Alternatively, alter-
ations of the extracellular matrix embedding peripheral primary
afferent terminals do occur during neuropathy (Sango et al.,
1995; Bradley et al., 2000; Dubovy et al., 2006; Yamanaka et al.,
2007). Based on our results, we suggest that in the setting of
inflammation or nerve injury, mechanical stimulation and swell-
ing may activate a signaling cascade initiated by integrins that, via
Src tyrosine kinase, induces membrane insertion and/or activa-
tion of the TRPV4 channel in sensory neurons. This may provide
an explanation for why TRPV4 makes no apparent contribution
to mechanical nociceptive thresholds although it plays a major
role in mechanical hyperalgesia associated with both inflamma-
tion and painful peripheral neuropathies of diverse etiologies. Of
note, integrins have been shown to also activate Src-dependent
signaling cascades in response to both mechanical stretch and cell
swelling in cardiac myocytes (Sadoshima and Izumo, 1997a,b;
Browe and Baumgarten, 2003).

In conclusion, we propose that, in primary afferent nocicep-
tors, TRPV4 contributes to mechanotransduction, as a compo-
nent of a molecular complex including �2�1 integrin and at least
one member of the Src tyrosine kinase family, whose function is
restricted to the setting of inflammation or nerve injury.
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