The Journal of Neuroscience, April 7, 2004 - 24(14):3663-3671 * 3663

Cellular/Molecular

Direct Interaction of Adenosine with the TRPV1
Channel Protein
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Vanilloid receptor 1 (TRPV1), a nonspecific cation channel expressed primarily in small sensory neurons, mediates inflammatory
thermal pain sensation. The function and expression of TRPV1 are enhanced during inflammation and certain neuropathies, leading to
sustained hyperalgesia. Activation of TRPV1 in the spinal cord and periphery promotes release of adenosine, which produces analgesia
by activating A, and A, , adenosine receptor (AR) on central and peripheral neurons. This study provides evidence of a direct interaction
of AR analogs with TRPV1. Adenosine analogs inhibit TRPV1-mediated Ca*>* entry in human embryonic kidney (HEK293) cells stably
expressing TRPV1 (HEK/TRPV1) and DRG neurons. This inhibition was independent of A,, AR activation. Specific binding of [ *H]res-
iniferatoxin (RTX) in plasma membrane preparations was inhibited by CGS21680, an A, , AR agonist. Similar degrees of inhibition were
observed with both agonists and antagonists of ARs. Adenosine analogs inhibited [ ’H]RTX binding to affinity-purified TRPV1, indicative
of a direct interaction of these ligands with the receptor. Furthermore, specific capsaicin-sensitive binding of [ *H]CGS21680 was ob-
served in Xenopus oocyte membranes expressing TRPV1. Capsaicin-induced inward currents in DRG neurons were inhibited by adeno-
sine and agonist and antagonist of A,, AR at nanomolar concentrations. Increasing the concentrations of capsaicin reversed the inhibi-
tory response to capsaicin, suggesting a competitive inhibition at TRPV1. Finally, exposure of HEK/TRPV1 cells to capsaicin induced an
~2.4-fold increase in proapoptotic cells that was abolished by adenosine analogs. Together, these data suggest that adenosine could serve

as an endogenous inhibitor of TRPV1 activity by directly interacting with the receptor protein.
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Introduction

Vanilloid receptor 1 (TRPV1) is a nonspecific cation channel that
mediates thermal inflammatory pain. These receptors are ex-
pressed primarily in small sensory neurons type C and A8 fibers
and, to a lesser extent, in certain brain nuclei and non-neuronal
tissues (Caterina et al., 2000). Activation of TRPV1 by capsaicin,
the active ingredient of chili peppers, underlies its ability to in-
duce a burning sensation (Caterina et al., 1997; Tominaga et al.,
1998). In contrast, mice deficient in TRPV1 demonstrate reduced
thermal hyperalgesia and inflammatory pain sensitization (Cate-
rina et al., 2000; Davis et al., 2000). These studies support an
integral role of TRPV1 in mediating certain modalities of pain
perception.

Both the function and expression of TRPV1 are enhanced
during inflammation and neuropathic pain. Various mediators
produced during the inflammatory response, such as ATP, bra-
dykinin, and NGF, have been shown to increase temperature and
proton sensitivity and also contribute to enhanced TRPV1 chan-
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nel activity (Premkumar and Ahern, 2000; Chuang et al., 2001;
Tominaga et al., 2001). Increased expression of TRPV1 in dorsal
root ganglion (DRG) neurons has also been observed in condi-
tions of inflammation and neuropathic pain, which may contrib-
ute to sustained hyperalgesia (Hudson et al., 2001; Amaya et al.,
2003). As such, drugs that specifically target TRPV1 may prove
valuable in the management of pain associated with chronic neu-
ropathic conditions and inflammation.

Activation of TRPV1 in the spinal cord and periphery pro-
motes increased release of the nucleoside adenosine (for review,
see Liu et al., 2001; Sawynok and Liu, 2003), possibly through
increased intracellular Ca** entry through the TRPV1 channels
(Sweeney et al., 1989; Cabhill et al., 1993). It is believed that this
rise in intracellular Ca** leads to activation of protein kinase C
and ultimately 5'nucleotidase, an enzyme responsible for the
production of adenosine from adenosine monophosphate
(Kitakaze et al., 1995; Obata et al., 2001, Obata, 2002). Adenosine
administered both systemically and centrally produces analgesia
in a variety of rodent pain models (Sawynok, 1998; Dickenson et
al.,, 2000). The analgesic actions of adenosine are produced
through activation of the A, and A,, adenosine receptor (AR)
subtypes, present both centrally and peripherally (Sawynok and
Liu, 2003). Adenosine analogs mediate the antiallodynic effects
against L5/L6 spinal nerve ligation in rats (Lee and Yaksh, 1996).
In addition, intrathecal adenosine has been shown to attenuate
pain perception in different models in human (Rane et al., 1998).



3664 - ). Neurosci., April 7, 2004 - 24(14):3663-3671

The A|AR is present throughout the spinal cord, with higher
levels present in lamina 2, the intermediolateral cell column, and
the ventral horn (Deuchars et al., 2001). The A,,AR is present
mainly on DRG neurons and on presynaptic terminals of sensory
afferent neurons in the spinal cord (Kaelin-Lang et al., 1998). On
the basis of the data presented above, we speculate that adenosine
released via TRPV1 activation could mediate feedback inhibition
of TRPV1 function.

The present study tested the hypothesis that adenosine regu-
lates TRPV1 function. We show that adenosine and adenosine
analogs inhibit capsaicin-mediated TRPV1 activation in cultures
of DRG neurons and in human embryonic kidney (HEK293)
cells stably expressing TRPV1 (HEK/TRPV1) through a direct
interaction of these agents with TRPV1.

Materials and Methods

Materials. ZM241385 [4-(2-[7-amino-2-(2-furyl)(1,2,4)triazolo(2,3-
a)(1,3,5)triazin-5-ylamino] ethyl)phenol] was obtained from Tocris
Cookson (Bristol, UK). R-PIA (R-phenylisopropyladenosine) and
DPCPX (8-cyclopentyl-1, 3-dipropylxanthine) were obtained from
Boehringer Mannheim (Indianapolis, IN). [*H]CGS21680 (2-[4-(2-p-
carboxy-ethyl) phenylamino]-5'-N-ethylcarboxamidoadenosine) was ob-
tained from DuPont-NEN (Boston, MA), and [ *H]resiniferatoxin (RTX)
was from PerkinElmer Life Sciences (Boston, MA). All other chemicals, un-
less otherwise stated, were obtained from Sigma (St. Louis, MO).

Cell culture. HEK293 cells were obtained from American Tissue Cul-
ture Collection (Rockville, MD). Growth medium consisted of 90%
DMEM, 10% fetal bovine serum, 50 U/ml penicillin, 25 ug/ml strepto-
mycin (all from Invitrogen, Grand Island, NY), and 0.2 mg/ml G418
sulfate (Calbiochem, La Jolla, CA) for selection of resistance. Cells were
cultured at 37°C, in the presence of 5% CO, and 95% ambient air.
HEK293 cells were transfected with rat TRPV1 cDNA (a gift from D.
Julius, University of California, San Francisco, San Francisco, CA) using
Lipofectamine 2000 (Invitrogen) according to the protocol of the man-
ufacturer. Cells were cultured in the presence of G418 sulfate, neomycin-
resistant cells were expanded, and frozen stocks were kept in liquid ni-
trogen. For all experiments, these HEK/TRPV1 cells were cultured in
G418 sulfate to ensure propagation of the transgene.

DRGs were isolated from rat fetuses, triturated, and cultured in Neu-
robasal medium (Invitrogen) with addition of 100 ng/ml murine NGF
2.5s (Promega, Madison, WI), 2% serum-free B27 supplement (Invitro-
gen), and 0.5 mum L-glutamine. Cells were cultured for 5 d before per-
forming the experiments.

Oocyte isolation and preparation. Stage V and VI oocytes were isolated
from tricaine-anesthetized Xenopus laevis. Depth of anesthesia was mon-
itored and oocytes were removed through an incision made in the abdo-
men. Ovaries were collagenase treated (1-2 mg/ml) in OR2 solution (in
mu: 82.5 NaCl, 2 KCl, 1 MgCl,, and 5 HEPES, pH 7.4) at 18°C. Defol-
liculated oocytes were injected with 50—70 nl (1 ug/ml) of TRPV1 cRNA
and cultured at 18°C in ND96 buffer solution (in mm: 96 NaCl, 2 KCI, 1.8
CaCl,, 1 MgCl,, 5 HEPES, and 2.5 Na pyruvate, pH 7.6) until use. A batch
of oocytes was tested for capsaicin-induced currents before radioligand
binding.

Membrane preparation. HEK/TRPV1 cells were detached in ice-cold
PBS containing 5 mm EDTA for TRPV1 binding. Samples were prepared
by lysing whole cells in ice-cold buffer (in mm: 5 KCl, 5.8 NaCl, 0.75
CaCl,, 2 MgCl,, 320 sucrose, and 10 HEPES, pH 7.4) with the help of a
tissue homogenizer. Homogenates were centrifuged for 10 min at 1000 X
g (4°C), and the supernatant from the first centrifugation was further
centrifuged at 35,000 X g for 30 min (4°C) to obtain a partially purified
membrane fraction. This membrane preparation was treated with 1 U/ml
adenosine deaminase (Boehringer Mannheim) for 15 min at 37°C and
then used for radioligand binding. The addition of adenosine deaminase
increased specific radioligand binding to both A, ,AR and TRPV1. DRGs
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were isolated from mice in ice-cold 1X PBS and stored frozen at —80°C
until use. Excised DRGs were thawed out, lysed in ice-cold buffer, and
sonicated for 15 sec, after which, whole-cell lysate was used for TRPV1
radioligand binding.

For A,,AR binding, HEK/TRPV1 cells were similarly detached in ice-
cold PBS. Samples were prepared by lysing cells in 50 mm Tris-HCI
buffer, pH 7.4, containing 10 mm MgCl,, 5 mm EDTA, 10 ug/ml soybean
trypsin inhibitor, 10 ug/ml benzamidine, and 2 pg/ml pepstatin with
sonication for 15 sec. Membranes were obtained by centrifugation of
the homogenates at 14,000 X g for 15 min (4°C). The final pellet was
resuspended in the same buffer. Endogenously released adenosine
was degraded using adenosine deaminase and incubating the mixture
for 15 min at 37°C. This mixture was then used for radioligand bind-
ing. Xenopus oocyte membranes for [*H]CGS21680 binding were
prepared similar to that described above for HEK/TRPV1 A, AR
binding.

Immunoprecipitation. TRPV1 antibody (Ab) affinity columns were
prepared using a C-terminal Ab (Neuromics, Northfield, MN) that was
cross-linked to immobilized protein G (50% slurry) according to the
Seize X Mammalian Immunoprecipitation kit (Pierce, Rockford, IL).
Columns were stored in binding buffer at 4°C until ready for use and
were not used more than four times. HEK/TRPV1 cells were used as a
source of TRPV1 for immunoprecipitation. Cells were first solubilized
and incubated with the TRPV1 affinity column at 4°C overnight. Col-
umns were washed several times, and the bound TRPV1 was eluted in 200
wl of elution buffer, pH 2. The pH of the eluate was adjusted to ~7.0
using 5-7 ul of a 1 M Tris-HCI, pH 7.4, stock solution and used for
[PH]RTX binding and Western blotting,

Radioligand binding. Quantification of TRPV1 was performed using
[PH]RTX (43 Ci/mmol). Sample preparations (~70 ug of protein) were
incubated with 1.2 nm [ *H]RTX in the absence or presence of cold RTX
(100 nm) or capsaicin (100 uM) to estimate nonspecific binding, in a total
volume of 450 ul of binding buffer. The tubes were incubated for 1 hr at
37°C, followed by immediate cooling on ice. For the competition binding
assays, most compounds (at close to the effective concentrations used)
were soluble in water. These compounds include R-PIA and CGS21680.
ZM?241385 and DPCPX were diluted from a stock solution of 10 mum in
dimethylsulfoxide (DMSO). At the concentrations of these agents used
for the assay, the concentrations of DMSO were =0.1%. We did not
observe any effect of 0.1% DMSO on TRPV 1 as determined by [ *H]RTX
binding assays. Quantification of A, , AR was performed using the antag-
onist '*°1-ZM241385 (2200 Ci/mmol) or the agonist radioligand
[*H]CGS21680 (30 Ci/mmol). Membrane preparations (~50 ug of pro-
tein) were incubated with the radioligands in the absence or presence of
1 mm theophylline to define nonspecific binding. The total volume in
each assay tube of 250 ul was made up with 50 mm Tris-HCI, 10 mm
MgCl,, and 1 mm EDTA, pH 7.4. Incubations were performed for 1 hr at
37°C. After incubation, samples were filtered over Whatman GF/B glass
fiber filters (Brandel, Gaithersburg, MD) pretreated with polyethylenei-
mine (0.05%) and washed with 10 ml of ice-cold 20 mm Tris-HCl buffer,
pH 7.4, containing 0.01% of CHAPS (3-[(3-cholamidopropyl)
dimethylammonio]-1 propanesulfonate). The radioactive content of
each filter was determined using a Beckman Instruments (Fullerton, CA)
liquid scintillation counter (LS5801) or a Packard (5780) gamma
counter. Radioligand binding data were plotted using the Prism software
(GraphPad Software, San Diego, CA).

SDS-PAGE and Western blotting. TRPV1 immunoprecipitate was used
for Western blotting to confirm the presence of the receptor protein.
Samples were electrophoresed using SDS-PAGE (Laemmli, 1970). Pro-
teins were transferred to nitrocellulose membranes and blocked in buffer
containing 130 mm NaCl, 2.7 mm KCl, 1.8 mm Na,HPO,, 1.5 mm
KH,PO,, 0.1% NaNj3, 0.1% Triton X-100, and 5% low-fat skim milk for
2 hr, followed by incubation with primary TRPV1 Ab at 4°C overnight.
After washes in blocking solution, blots were processed using an En-
hanced Chemiluminescence kit (ECL Plus; Amersham Biosciences, Pis-
cataway, NJ) and visualized by exposure to Eastman Kodak (Rochester,
NY) XAR film.

Immunocytochemistry. HEK/TRPV1 cells were plated on glass cover-
slips and fixed with 4% paraformaldehyde. Cells were permeabilized with
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kindly provided by Michael Smith, Australian
National University, Canberra, Australia). The
traces and graphs were made using Origin (Mi-
crocal Software, Northampton, MA).
Apoptosis assay. Cell death was determined
by the annexin V-FITC apoptosis assay kit (On-
cogene Research Products, San Diego, CA). The
HEK/TRPV1 cells were harvested using 0.5%
trypsin solution at 37°C for 1 min and centri-
fuged at 220 X gfor 5 min. The cells were resus-
pended in 0.5 ml of 1 X annexin-binding buffer,
and 1.25 pl of annexin V-FITC was added to the
cell suspension. The mixture was then incu-
bated at room temperature for 15 min. After cen-
trifugation, 0.5 ml of 1 X annexin-binding buffer
and 10 ul of propidium iodide were added. Sam-

Specific '*1-ZM241385 Binding
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Figure1.

experiments.

0.5% Triton X-100, and nonspecific binding was reduced by 5% normal
donkey serum. Cells were then treated with a primary polyclonal anti-
body (pAb) (Santa Cruz Biotechnology, Santa Cruz, CA) to detect
TRPVI at a dilution of 1:100 in 5% donkey serum along with 0.05%
Triton X-100 in PBS for 1 hr. For detection of the A,,AR, cells were
treated with a pAb for the A, AR (Santa Cruz Biotechnology), at a 1:50
dilution. This was followed by incubation with rhodamine-labeled sec-
ondary antibodies (1:100). Coverslips were then mounted on glass mi-
croscope slides using Aquamount and imaged by confocal microscopy
(Fluoview confocal laser-scanning microscope; Olympus Optical, To-
kyo, Japan) with krypton laser at 568 nm using a 40X objective.

Ca’™" imaging. HEK/TRPV1 cells and embryonic rat DRGs were grown
on glass coverslips to detect Ca*>* entry induced by TRPV1 activation.
Adherent cells were washed with HEPES-buffered saline (in mm: 130
NaCl, 4 KCl, 10 HEPES, 5 glucose, 2 CaCl,, and 2 MgCl,, pH 7.3) and
loaded with 5 um Fluo-4 AM (Molecular Probes, Eugene, OR). After
incubation at 37°C for 20 min, the cells were washed with physiologic
buffer and treated with adenosine analogs immediately before imaging
by confocal microscopy using an argon laser at 488 nm. Images were
recorded at baseline (F,), and the image was collected every 5 sec after
addition of 2 uMm capsaicin to obtain the relative F values. Data was
analyzed as the ratio of F/F, for each cell and was obtained using the
Fluoview software.

Electrophysiology. Cultured DRG neurons grown on poly-D-lysine-
coated coverslips were used for recording TRPV1 currents. For
perforated-patch recording, the bath solution contained 140 mm NaGlu,
2.5 mm KCl, 10 mm HEPES, 2 mm MgCl,, and 1 mm EGTA, pH 7.35, and
the pipette solution contained 130 mm NaGlu, 10 mm NaCl, 2.5 mm KCI,
10 mm HEPES, 1 mm MgCl,, 0.2 mm EGTA, and 240 pg/ml amphotericin
B. Currents were recorded using a WPC 100 patch-clamp amplifier
(E.S.F. Electronic, Goettingan, Germany). Data were digitized (VR-10B;
InstruTech, Great Neck, NY) and stored on videotape. For analysis, data
were filtered at 2.5 kHz (—3 dB frequency with an eight-pole low-pass
Bessel filter; LPF-8; Warner Instruments, Hamden, CT) and digitized at
5 kHz. Current amplitudes were measured using Channel 2 (software

Characterization of TRPV1and A,,AR in HEK293 cells. A, TRPV1 expression. Immunocytochemistry was performed in
HEK/TRPV1 cells using a goat pAb and a tetramethylrhodamine isothiocyanate (TRITC)-labeled secondary Ab. Inmunolabeled
preparations were visualized by confocal microscopy, which shows the presence of TRPV1 within cytoplasm and on plasma
membrane. The corresponding phase microscopic image is shown (right). B, [ *H]RTX binding to membranes obtained from
HEK/TRPV1 cells was inhibited by known TRPV1 ligands, such as capsaicin (100 pum), RTX (1 wum), and capsazepine (10 um).
Asterisks indicate statistically significant difference from untreated membranes (control); p << 0.05.C, A,,AR expression. A,,AR
immunoreactivity in HEK/TRPV1 cells was detected using a rabbit polyclonal primary Ab, followed by a TRITC-labeled donkey
anti-rabbit lgG. Images were visualized by confocal microscopy using a 40 objective. D, 'I-ZM241385 binding assays were
performed using crude plasma membranes (~50 g of protein per assay tube) and 1 mu theophylline to detect nonspecific
binding. The saturation curve shown was fitted by GraphPad Prism software and is a representative of three independent

ples were placed on ice away from light and ana-
lyzed immediately. Quantitation of annexin
V-FITC and propidium iodide signals was per-
formed by a flow cell-based bench top FACS Cali-
bur Cytometer (Becton Dickinson, Mountain
View, CA) equipped with an argon ion laser light
source emitting an excitation light at 488 nm,
leading to high FITC emission, and a 530/30
bandpass filter that transmits wavelengths of light
between 515 and 545 nm. Fluorescence from an-
nexin V-FITC positive and propidium iodide
negative (early apoptotic cell populations) and
annexin V-FITC and propidium iodide positive
(necrotic or late apoptotic cells) was determined.

Protein determination. Protein concentra-
tions in samples were determined by the estab-
lished Bradford protein assay (Bradford, 1976)
using bovine serum albumin to prepare stan-
dard curves.

Statistical analyses. Statistical analyses were performed using Student’s
ttest or ANOVA, followed by Tukey’s honestly significant difference post
hoc test to compensate for multiple pairwise comparisons. Data is repre-
sented as mean * SEM.

1 2 3
15[-ZM 241385 (nM)

Results

Characterization of TRPV1 and A,,AR in

HEK293 membranes

Expression of TRPV1 in HEK/TRPV1 cells was demonstrated by
immunocytochemistry using a pAb derived from the C-terminal
portion of TRPV1 (Fig. 1A). Immunolabeling was observed in
the plasma membranes and also in cytosol. The latter localization
is probably a result of cell permeabilization to ensure Ab access to
the C-terminal portion of the receptor. In addition, specific la-
beling of TRPV1 was observed using [ *H]resiniferatoxin (Szallasi
et al., 1999). Using 1.2 nm [*H]RTX and 100 nM cold RTX to
define nonspecific binding, we detected ~600 fmol/mg protein
TRPV1 binding sites. Because the concentration of the radioli-
gand used is fivefold higher than the Ky, it is estimated that this
level of receptor is close to the maximal receptor density in these
cells. As expected, untransfected HEK293 cells showed no
[PH]RTX binding, and specific binding was inhibited by known
TRPV1 ligands, such as capsaicin and capsazepine (Fig. 1 B), sug-
gesting that [*H]RTX binding in our experiments labeled the
TRPV1 receptor.

A fortuitous observation was that HEK293 cells also expressed
the A,,AR. Immunolabeling studies using A, AR Ab demon-
strated intense red membrane and cytoplasmic staining when
visualized by confocal microscopy (Fig. 1C). Because the Ab tar-
gets the cytosolic C-terminal tail of the receptor, the cytosolic
expression likely reflects the labeling of pools of A, , AR receptors



3666 - J. Neurosci., April 7, 2004 - 24(14):3663-3671

in intracellular compartments and/or
nonspecific labeling of the primary Ab.
Binding of 1251.7M241385, a selective an-
tagonist of this receptor subtype, was used
to confirm the presence of A,, AR (Palmer
etal., 1995). Saturation binding curve (Fig.
1D) shows the total number of the A, AR
(Bumax) @s 82.8 = 40.1 fmol/mg protein and
an equilibrium dissociation constant (Ky)
of 2.9 * 2.6 nM. On the other hand, no
significant levels of the adenosine A, AR or
A;AR were detected. Additional confirma-
tion for the presence of A, AR was pro-
vided using the selective agonist ligand
[PH]CGS21680. We obtained specific
binding of this radioligand in HEK293
cells using 30 nM [*H]CGS21680, a con-
centration that is equivalent to the K, of
this ligand in pheochromocytoma (PC12)
cultures (data not shown). Thus, our data
indicate that HEK/TRPV1 cells express
both TRPV1 and the A,,AR and would
serve as a good model to study potential
interaction between these two receptors.

Adenosine analogs inhibit capsaicin-
induced increase in intracellular Ca**
Capsaicin induces a rapid rise in intracel-
lular Ca** in HEK/TRPV1 cells, as de-
tected by Ca®" imaging with Fluo-4 AM
using confocal microscopy. The increase
in Ca** peaked within 15 sec after the ad-
dition of capsaicin and was maintained for
at least 2 min (Fig. 2A). Cells pretreated
with capsazepine (10 uM), a competitive
antagonist of TRPV1, or ruthenium red
(20 uMm), a specific pore blocker and a
functional antagonist of TRPV1, failed to
show any response to capsaicin. To deter-
mine whether adenosine analogs could
regulate TRPV1 activation, HEK293 cells
were pretreated for 2 min with CGS21680
(10 M), a selective agonist of the A, AR,
before the application of capsaicin. The
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Figure2.  Adenosine analogs inhibit TRPV1-induced Ca > entry. HEK/TRPV1 cells (4, B) or DRG neurons ( () were loaded with

5 M Fluo-4 AM for 20 min in 1 ml of physiologic buffer, pretreated with vehicle, TRPV1 antagonists, or adenosine analogs (10
M), and then followed by capsaicin (2 wum) after 30 sec of baseline recording by confocal microscopy. 4, Capsaicin-induced Ca 2™
fluorescence was reduced by capsazepine (10 pu; CPZ). B, Pretreatment with (GS21680 (10 wum) or adenosine (50 wum) attenu-
ated theriseinintracellular Ca2* observed in 30 sec. Adenosine deaminase (0.2 U/ml; ADA) reversed the inhibition observed with
adenosine. Bottom row, Graphical representation of capsaicin-induced TRPV1 activation over time using F/F, values (A, capsa-
icin; @, (6521680 plus capsaicin). D, Comparison of the effectiveness of different agents in inhibiting TRPV1 activity. HEK/TRPV1
cells were pretreated with CGS21680 (10 M), R-PIA (10 tum), ZM241385 (10 M), adenosine (50 wum), adenosine deaminase (0.2
U/ml), ruthenium red (20 wm), capsazepine (10 pm), forskolin (10 wm), or dibutyryl cAMP (1 mu) before the administration of
capsaicin (2 wm). Data are presented as the mean == SEM of four to six cells each from three coverslips. *p << 0.05 indicates
statistically significant difference from capsaicin-treated cells.

addition of CGS21680 alone had no effect

on the basal cytoplasmic Ca®" fluorescence but produced an
almost complete inhibition of capsaicin-induced Ca** entry, ob-
served up to 2 min after drug addition (Fig. 2 B, top panel). The
addition of capsaicin (2 uM) to the cultures resulted in a signifi-
cant and time-dependent increase in intracellular Ca’", with an
F/F, value of 3.0 within 15 sec of agonist exposure (Fig. 2 B, bot-
tom panel). The addition of CGS21680 (10 M) thus completely
abolished the entry of Ca** elicited by capsaicin. We observed
similar results when capsaicin was used to activate TRPV1 in
DRG neurons (Fig. 2C), which express both the TRPV1 and
A, ,AR.

Another adenosine analog tested, R-PIA, also reduced the re-
sponse to capsaicin by ~70% ( p < 0.05). Furthermore, addition
of adenosine (50 uMm) to the cultures inhibited capsaicin-
mediated Ca*™ entry, and this inhibition was reversed in cultures
pretreated with adenosine deaminase (0.2 U/ml) 5 min before the
addition of capsaicin and 5 min after the addition of adenosine
(Fig. 2 B, D). In these experiments, adenosine deaminase was able

to completely reverse the inhibition produced by adenosine. The
addition of adenosine deaminase alone did not alter capsaicin-
induced Ca*" entry in HEK293 cultures (data not shown), sug-
gesting that the basal release of adenosine in these cultures was
not high enough to produce tonic suppression of TRPV1 activity.
To determine whether inhibition of capsaicin-induced Ca** en-
try by CGS21680 was mediated via the A,,AR, we determined
whether coadministration of the A,,AR antagonist ZM241385
would reduce the inhibitory effect of CGS21680. However, we
observed that the addition of ZM241385 (10 um) by itself mim-
icked the response of CGS21680 on Ca*" entry (Fig. 2D). For
these latter experiments, ZM241385 was solubilized in dimethyl-
sulfoxide. Vehicle containing a similar concentration of dimeth-
ylsulfoxide did not alter the binding of ligands to TRPV1 nor the
capsaicin-induced Ca ** entry. Together, these data suggest that
the inhibition of TRPV1 activity by adenosine analogs was likely
not mediated via the A, AR but results from a direct interaction
of these agents with TRPV1.
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Figure 3.  Adenosine analogs decrease the TRPV1 current. A, Representative whole-cell
patch-clamp recording showing inhibition of capsaicin-induced TRPV1 current by increasing
concentrations of (GS21680 with complete blockade at T um (GS21680. B, Inhibition of TRPV1
current by adenosine (1 wm). , Capsaicin (10 ) activated TRPVT current to the same extent
in the presence and absence of (GS21680 (10 wm). D, Dose-dependent inhibition of TRPV1
current by (GS21680 (IC, of 3.6 nw), the A,,AR antagonist ZM241385 (ICg, of 34.9 nm) and
adenosine (ICg, of 160.0 nm) compared at various concentrations (lll, (GS21680; @, ZM241385;
A, adenosine).

Additional experiments were performed to better understand
the mechanism underlying inhibition of TRPV1-mediated Ca**
entry by adenosine analogs. Because the A,,AR is coupled to
increases in adenylyl cyclase activity (Guroff et al., 1981;
Noronha-Blob et al., 1986), we determined whether increasing
intracellular cAMP by administering dibutyryl cAMP (1 mm) to
the coverslips or by the addition of forskolin (10 wMm), an activator
of adenylyl cyclase, would modulate capsaicin-induced intracel-
lular Ca** accumulation. Neither dibutyryl cAMP nor forskolin
affected capsaicin-induced Ca** entry, as observed for adenosine
analogs (Fig. 2D), suggesting that inhibition of the capsaicin re-
sponse is independent of cAMP generation. Furthermore, the
addition of ATP (50 uM) and 2-methylthioATP (10 uMm) did not
inhibit, but appeared to potentiate, capsaicin-mediated Ca** en-
try, presumably by activating P2Y, receptors (Tominaga et al.,
2001).

Adenosine analogs decrease the TRPV1 current

Additional evidence supporting a functional interaction between
adenosine analogs and TRPV1 was obtained by whole-cell patch-
clamp recordings using cultured embryonic rat DRG neurons.
Capsaicin (100 nM) induced an inward current that was dose
dependently reduced by CGS21680, with complete inhibition of
current observed with 1 um CGS21680 (Fig. 3A). Moreover, in-
hibition of current was also observed with adenosine (Fig. 3B),
albeit with lower potency. The inhibition produced by CGS21680
was reversible, as indicated by a lack of effect of CGS21680 when
currents were activated with a higher (10 um) concentration of
capsaicin (Fig. 3C). Full dose-response curves for inhibition of
TRPV1 were performed using CGS21680, the A,,AR antagonist
7ZM?241385, and adenosine. When fitted to the Hill equation, the
mean ICs, for CGS21680 from at least three different experi-
ments for each concentration was 3.6 nMm, for ZM241385 was 34.9
nM, and for adenosine was 160.0 nm (Fig. 3D). These results
provide additional support for the hypothesis that adenosine and
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structurally similar compounds can inhibit the TRPV1 channel
activity.

Adenosine analogs inhibit the binding of [ *H]resiniferatoxin
to TRPV1

To explore the possibility that adenosine analogs bind directly to
TRPV1, we performed competition radioligand binding experi-
ments for [H|RTX in HEK/TRPV1 cells, using CGS21680 as
competitor. In initial studies, we observed that pretreatment of
HEK/TRPV1 preparations with adenosine deaminase (to de-
grade adenosine) before performing [ *H]RTX binding assays re-
sulted in a substantial increase (approximately twofold) in spe-
cific radioligand binding, suggesting that adenosine released
during sample preparation might be competing for the [ ’H]RTX
binding site. As such, subsequent [ *’H]RTX binding studies were
performed in the presence of adenosine deaminase. Different
adenosine analogs tested for inhibition of capsaicin-induced
Ca** influx (above) were also tested for their ability to interact
with the [’H]JRTX binding site. Nonspecific binding was esti-
mated using 100 uM capsaicin to demonstrate the comparative
inhibitory action of these agents and RTX. Incubation of mem-
branes with [*H]RTX along with CGS21680 (10 um), R-PIA (10
M), ZM241385 (10 um), or DPCPX (10 uM) inhibited the bind-
ing of ["H]RTX by ~60% ( p < 0.05; n = 4) for all of the analogs
tested (Fig. 4A). Using different concentrations of CGS21680, we
saw a decrease in the specific [*’H]RTX binding with significant
inhibition at 0.1, 1, 10, and 100 uM CGS21680 ( p < 0.05) (data
not shown). These results clearly indicate that adenosine analogs
can interact directly with the [ ’H]RTX binding site on TRPV1.

To further confirm that adenosine analogs interact directly
with TRPV1, we obtained purified TRPV1 preparations using Ab
affinity columns. Isolation of the receptor protein was confirmed
by radioligand binding assays and by Western blotting (Fig. 4B,
inset). No A,,AR was detected in the TRPV1 enriched prepara-
tion by Western blotting, indicating that the receptor did not
copurify with TRPV1. Using the affinity-purified TRPV1, we
showed inhibition of [ 'H]RTX binding by CGS21680 (1 um) and
R-PIA (1 um) (Fig. 4 B). These data support a direct interaction of
adenosine analogs with TRPV1. Similar findings were observed
when [H]RTX binding was performed in lysates obtained from
excised mouse DRGs. In these preparations, CGS21680 inhibited
[PH]RTX binding at concentrations similar to that observed in
HEK/TRPV1 cells (data not shown).

Additional experiments were performed to determine whether
[*H]CGS21680 could label TRPV1 sites, because we observed high-
affinity interaction of this compound with TRPV1 sites, as as-
sessed by [’H]RTX binding. Xenopus oocytes were used for these
studies because these cells do not express native specific
["H]CGS21680 binding sites. Radioligand binding performed
with 40 nm [*H]CGS21680 showed specific capsaicin-sensitive
binding in membrane preparations of oocytes injected with the
TRPV1 cRNA, averaging 54 fmol/mg protein (mean of two ex-
periments). We confirmed that these oocytes exhibit capsaicin-
induced currents by electrophysiology. In contrast, uninjected
oocytes, which did not show any capsaicin current, also did not
show any specific capsaicin-sensitive [ "H]CGS21680 binding.

Adenosine analogs protect against capsaicin-induced

cell death

Agonists of ARs confer protection against oxidative stress (Ram-
kumar etal., 2001). Because capsaicin has been shown to produce
cell killing by increasing intracellular Ca*" influx (Caterina et al.,
1997; Jambrina et al., 2003), we investigated whether pretreat-
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Figure4. Adenosineanalogsinhibit the binding of [*HIRTX to TRPV1. 4, Plasma membranes
(~70 g of protein) from HEK/TRPV1 cells were incubated with 1.2 ni [ *HIRTX, and inhibition
of [ *H]RTX binding was assessed with (G521680 (10 aum), R-PIA (10 pum), ZM241385 (10 am),
and DPCPX (10 wum) and compared with RTX (100 nm). *p << 0.05 indicate statistically significant
difference from control. 8, Inhibition of [*H]RTX binding in affinity-purified TRPV1 prepara-
tions. TRPV1 was purified from HEK/TRPV1 cells by Ab affinity columns (Pierce). Radioligand
binding experiments were performed using different adenosine analogs: 1 um €GS21680and 1
1M R-PIA. Inset, TRPV1 protein detected by Western blotting in crude membranes versus puri-
fied preparations using a C-terminal Ab (Neuromics).

ment with adenosine analogs could protect against capsaicin-
induced cell death in HEK/TRPV1 cells. Cell killing was assessed
by an annexin V-FITC assay in HEK/TRPV1 cells. Cells exposed
to 5 uM capsaicin for 1 hr showed an ~2.4-fold increase in the
number of proapoptotic cells (235.1 * 30.7% of control). Cap-
sazepine pretreatment protected these cells from capsaicin-
induced apoptosis, indicative of the involvement of TRPVI in
this process. Similarly, pretreatment of cells with R-PIA (10 um)
led to a significant reduction in the number of early apoptotic
cells (Fig. 5A,B). The percentage of early apoptotic cells in the
R-PIA-treated group were 107.0 * 24.6% of control. We ob-
served some late apoptotic and necrotic cells after treatment with
capsaicin, the levels of which were also decreased by R-PIA pre-
treatment. To test whether the protective action of R-PIA was
mediated via the A,,AR, cells were pretreated with ZM241385
and R-PIA before the administration of capsaicin. We observed
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no reversal of the protective effect of R-PIA by ZM241385. In fact,
the level of protection was similar to that obtained with R-PIA
administered alone, suggesting that the direct protective effect of
adenosine analogs in inhibiting TRPV1-mediated apoptosis was
independent of A, ,AR activation.

Discussion

A number of studies have shown that adenosine analogs are po-
tential analgesic agents that can increase nociceptive thresholds
in response to noxious stimulation. For example, adenosine re-
duces hypersensitivity to thermal stimuli in animals after periph-
eral inflammation or nerve injury (Lee and Yaksh, 1996; Poon
and Sawynok, 1998). Intrathecal administration of adenosine in
human reduces allodynia and hyperalgesia induced by capsaicin
(Eisenach et al., 2002). Furthermore, increasing extracellular
adenosine by inhibition of adenosine metabolism produces a pe-
ripheral antinociceptive response in a neuropathic pain model
(Jarvisetal., 2002). The release of adenosine from both spinal and
peripheral compartments inhibits pain transmission (Sawynok,
1998). This nucleoside also plays an important modulatory role
in inflammatory and neuropathic pain (Dickenson et al., 2000).
The mechanism(s) underlying this antinociceptive action is not
clear.

This study provides novel insight into a possible mechanism
underlying the peripheral antinociceptive action of adenosine.
We show that adenosine analogs inhibit TRPV1 function
through a direct interaction with the receptor protein. This con-
clusion is based on several pieces of data obtained in this study.
First, adenosine analogs compete for [°’H]RTX binding sites in
membranes prepared from HEK293 cells, DRGs, and purified
preparations of TRPV1. Reductions in [*H]RTX were also ob-
tained at concentrations of these agents in the nanomolar range,
which are similar to those required for interaction at the A, ,AR.
Second, different adenosine analogs tested inhibited [*H]RTX
binding, as well as capsaicin-induced Ca*" entry. Agonists and
antagonists for the A,,AR were equally effective in mediating
these responses, suggesting that inhibition was independent of
A, ,AR activation. Third, adenosine and adenosine analogs de-
creased capsaicin-induced inward current by interacting com-
petitively with this receptor, because a diminution of the inhibi-
tion was observed with increasing capsaicin concentrations.
Unlike adenosine, increasing cellular cAMP by addition of fors-
kolin or by addition of dibutyryl cAMP to the cells did not alter
capsaicin-induced Ca*" entry. Because A,,AR activation is gen-
erally linked to increases in cAMP, these data support the con-
tention that inhibition of TRPV1 was independent of the A, AR
activation. Furthermore, these data suggest that cAMP does not
possess the structural requirements necessary for inhibition of
TRPV1. Fourth, we detected capsaicin-sensitive [ *H]CGS21680
binding in Xenopus oocytes injected with TRPV1 cRNA, whereas
naive oocytes did not show any capsaicin-sensitive binding to this
radioligand.

The use of [°’H]RTX to label TRPV1 binding sites in HEK293
cells expressing the receptor has been documented previously
(Szallasi et al., 1999). These investigators demonstrated saturable
and high-affinity binding of the radioisotope in membranes pre-
pared from HEK/TRPV1 cells, which was reversed by unlabeled
TRPV1 ligands. Similarly, we observed significant inhibition of
[PH]RTX binding using classical TRPV1 ligands, such as capsa-
icin, capsazepine, and RTX. Inhibition of [ ’H]RTX binding was
observed at nanomolar concentrations of CGS21680, concentra-
tions at which demonstrable interaction at the A, , AR is generally
observed in radioligand binding studies (Nie et al., 1999). Again,



Puntambekar et al. » Adenosine TRPV1 Channel

J. Neurosci., April 7, 2004 - 24(14):3663-3671 * 3669

trast, relatively low levels of capsaicin were

A.
=] per— used for eliciting an inward current, and
190; o relatively low concentrations of adenosine
= > B. analogs were required for inhibiting this
300+ response. Another likely explanation for
Capsaicin = % this discrepancy is that the application of
44% 2 = capsaicin in culture leads to increased
S £ 200 adenosine release, as observed in the spinal
= . . ) .
g Capsaicin + Cpz §_ S s 5 corcll( anddpf‘rlphzez)rgS(Ll}l{ }ft al, 21(2:10%, S;w
| . I< ynok and Liu, ). This could lead to
o 23% SRSUE ot partial inhibition of Ca** entry, before the
g . . .
— = application of adenosine analogs. Such an
Capsalcin-+R-FI2 z effect would mask the inhibitory action of
19% 0- lower concentrations of adenosine ana-
G S & & & £ o :
& o PN e AP logs. Support for this is provided by our
N & '3 ¥ » 8 PP p Yy
i ¢ & o © data that sh I of adenosine-
Capsaicin + R-PIA + (@] & 0 P ata that show reversal of adenosine
ZM241385 . < ng‘ \Y." mediated inhibition of Ca®" entry in
& & g} HEK/TRPV1 cells by exogenously applied
& X . .
R & adenosine deaminase.
10 102 4 < & . . ..
Annexin V FITC " fﬁs" Stimulation of TRPV1 by capsaicin

Figure 5.

and R-PIA.

we observed inhibition of [’H]RTX binding with both agonists
and antagonists of the A, ,AR and even with DPCPX, an antago-
nist of the A,AR, indicating that inhibition was independent of
AR activation. Thus, it appears that a similar structural core com-
mon to all adenosine analogs might allow for the specific inter-
action with TRPVI. This conclusion was further supported by
data showing inhibition of [ ’H]RTX binding to affinity-purified
TRPV1 by adenosine analogs. The affinity-purified preparations
were enriched in TRPV1, because we were able to detect the
receptor by Western blotting in these preparations compared
with crude cell membrane preparations. We could not detect the
A, AR in the affinity-purified preparations by Western blotting,
suggesting that these two receptors did not comigrate during
purification.

The interaction of adenosine analogs with the [ 'H]RTX bind-
ing site translates into functional inhibition of TRPV1 activity.
All of these agents effectively inhibited capsaicin-mediated Ca**
entry into HEK293 cells and DRG neurons. Similar inhibitory
responses of these adenosine analogs at the TRPV1 channels were
observed when channel activity was measured using patch-clamp
recordings. However, higher concentrations of these analogs
were required for inhibition of Ca** as determined by Fluo-4
AM fluorescence than for inhibition of capsaicin-induced inward
current. A likely explanation for this apparent discrepancy is that
a higher concentration of capsaicin (2 uM) was used to produce
measurable Fluo-4 AM fluorescence in HEK/TRPV1 cells and
DRG neurons than that required for eliciting an inward current
(100 nMm). Because of the apparent competitive nature of the in-
teraction between adenosine and TRPV1, inhibition of the effects
of higher concentrations of TRPV1 agonists would necessarily
require higher concentrations of the adenosine analogs. In con-

Adenosine analogs protect against capsaicin-induced cell death. HEK/TRPV1 cells were pretreated with R-PIA (10
M), R-PIA (10 pum) plus ZM241385 (10 um), or capsazepine (10 wum), followed by capsaicin (5 wum) for 1 hr. Apoptosis was
detected using an annexin V-FITC apoptosis kit (Oncogene Research Products) and quantitated by flow cytometry. A, Represen-
tative histograms derived from the low right quadrant of the flow chart, depicting early apoptotic cells (as shown by the bars). The
number of early apoptotic cells in each histogram, defined as annexin positive and propidium iodide negative, is indicated as a
percentage. B, The results from annexin V-FITCassay are presented as mean == SEM of three independent experiments. *p << 0.05
a statistically significant difference in apoptosis produced by capsaicin treatment compared with control cells. **p << 0.05
indicates protection from capsaicin-mediated apoptosis obtained with capsazepine, R-PIA, and the combination of ZM241385

produces excitotoxicity, leading ultimately
to destruction of primary afferent nerve
fibers (Caterina et al., 1997). Cell death
displays mixed features of both apoptosis
and necrosis, as described previously in
TRPV1 transfected HEK293 cells (Jamb-
rina et al., 2003). The endocannabinoid
anandamide induces a similar form of ex-
citotoxic cell death by stimulating TRPV1
(Maccarrone et al., 2000; Jambrina et al.,
2003). Because TRPVI1-mediated cell
death is linked to peripheral neuropathy,
we determined whether adenosine analogs could inhibit
capsaicin-mediated apoptosis. Our data clearly demonstrate a
reduction in apoptotic cells in cultures pretreated with R-PIA
before administration of capsaicin. In addition, the number of
necrotic cells was also decreased, suggesting that adenosine ana-
logs provide protection from cell killing induced by both the
apoptotic and necrotic pathways. Although initial studies showed
that TRPV1-mediated killing was mediated primarily by necro-
sis, recent studies using shorter treatment durations indicate the
involvement of both signaling pathways in cell killing (Jambrina
etal., 2003). A similar ligand inhibition profile was observed for
apoptosis as was observed for inhibition of Ca*" and [*H]RTX
binding, indicating involvement of a common mechanism. We
did not observe an expected additive effect of R-PIA and
ZM?241385, suggesting that the response of R-PIA was already
maximal or that the A,,AR antagonist was blocking a cytopro-
tective action mediated via the activation of the endogenous
A, AR. This suggests that two cytoprotective mechanisms are
likely activated by adenosine (agonist) analogs to block apopto-
sis. The first involves blockade of TRPV1, whereas the second
involves activation of A, ,AR cytoprotective mechanisms.

One obvious in vivo extension of these findings is the impli-
cation that adenosine serves as an endogenous inhibitor of
TRPV1 activity. The levels of endogenous adenosine under nor-
moxic conditions are in the submicromolar range (Pedata et al.,
2001), levels at which we observed direct inhibition of TRPV1
channel activity. Furthermore, the levels should be higher in the
vicinity of adenosine release sites, where it could interact with
TRPV1. Because adenosine is released in response to TRPV1 ac-
tivation in addition to a number of physiological processes (Saw-
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ynok and Liu, 2003), it is possible that this nucleoside mediates
negative feedback inhibition of TRPV1 activity, independent of
activation of ARs. We observed direct interaction of adenosine
with TRPV1 in vitro using several different techniques. Such an
interaction manifested in vivo would occur at sites along the pain
pathway where TRPV1 are localized, namely small-diameter sen-
sory afferents C and A8 fibers and neurons in laminas 1 and 2 of
the spinal cord (Caterina et al., 1997; Guo et al., 1999). Certainly,
additional modulation of TRPV1 activity could be mediated via
activation of A, and/or A,,AR present in the spinal cord, DRG,
and peripheral nerve terminals. The release of adenosine is aug-
mented in inflammation and during ischemia (Pedata et al.,
2001), conditions linked to increased TRPV1 activity. It is possi-
ble that adenosine mediates tonic suppression of TRPV1 activity
in these conditions and thereby reduces the sensory inputs trig-
gered by activation of this receptor.

Small variations in ATP levels within the cell can result in a
large increase in AMP and adenosine, because of a high ratio of
ATP to AMP concentration. Thus, adenosine serves as a sensitive
indicator of increased cellular metabolic activity and oxidative
stress (Latini and Pedata, 2001). Extracellular ATP produces a
sensation of pain in vivo mediated through ionotropic and
metabotropic purinoceptors (Chizh and Illes, 2001; Tominaga et
al., 2001). Increased levels of extracellular ATP under pathophys-
iological conditions have been shown to enhance TRPV1 activity
(Tominaga et al., 2001). Adenosine, produced as a byproduct of
ATP metabolism (Burnstock, 1978), could suppress TRPV1 ac-
tivity and thereby counter the generation and propagation of
pain impulses.

In summary, we demonstrated that adenosine and its analogs
can directly inhibit TRPV1 channel activity, supporting a role of
this nucleoside as an endogenous modulator of TRPV1. During
conditions of inflammation and neuropathic pain, the increase in
endogenous adenosine observed may counter the excessive
TRPV1 activation and pain sensation. Our findings also suggest
that peripherally acting adenosine analogs may act as analgesics
by blockade of TRPV1 channel activity.
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