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The cannabinoid WIN 55,212-2 inhibits transient
receptor potential vanilloid 1 (TRPV1) and evokes
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Cannabinoids can evoke antihyperalgesia and antinociception at a
peripheral site of action. However, the signaling pathways medi-
ating these effects are not clearly understood. We tested the
hypothesis that certain cannabinoids directly inhibit peripheral
capsaicin-sensitive nociceptive neurons by dephosphorylating and
desensitizing transient receptor potential vanilloid 1 (TRPV1) via a
calcium calcineurin-dependent mechanism. Application of the can-
nabinoid WIN 55,212-2 (WIN) to cultured trigeminal (TG) neurons or
isolated skin biopsies rapidly and significantly inhibited capsaicin-
activated inward currents and neuropeptide exocytosis by a mech-
anism requiring the presence of extracellular calcium. The inhibi-
tory effect did not involve activation of G protein-coupled
cannabinoid receptors, because neither pertussis toxin nor GDPBS
treatments altered the WIN effect. However, application of WIN-
activated calcineurin, as measured by nuclear translocation of the
nuclear factor of activated T cells (NFAT)c4 transcription factor,
dephosphorylated TRPV1. The WIN-induced desensitization of
TRPV1 was mediated by calcineurin, because the application of
structurally distinct calcineurin antagonists (calcineurin autoinhibi-
tory peptide and cyclosporine/cyclophilin complex) abolished WIN-
induced inhibition of capsaicin-evoked inward currents and neu-
ropeptide exocytosis. This mechanism also contributed to
peripheral antinociceptive/antihyperalgesic effects of WIN be-
cause pretreatment with the calcineurin antagonist calcineurin
autoinhibitory peptide (CAIP) significantly reduced peripherally
mediated WIN effects in two behavioral models. Collectively, these
data demonstrate that cannabinoids such as WIN directly inhibit
TRPV1 functional activities via a calcineurin pathway that repre-
sents a mechanism of cannabinoid actions at peripheral sites.
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Ithough cannabinoids have been used to treat pain for
millennia, the mechanisms of their actions are still not well
understood. Cannabinoids activate numerous signaling pathways
because they bind to both G protein-coupled receptors
(GPCRs), such as CB1 and CB2, as well as ionotropic receptors,
such as transient receptor potential vanilloid 1 (TRPV1),
TRPV4, and TRPA1 (1-5). Spinal and supraspinal administra-
tion of cannabinoids leads to antihyperalgesia or antinociception
in several acute and chronic pain models (6—8). Cannabinoids
also evoke peripherally mediated antihyperalgesia or antinoci-
ception in several pain models (9-12). Although the CNS effects
of cannabinoids on nociception appear to be mediated primarily
by the CB1 cannabinoid receptor (13), the peripheral mecha-
nisms of cannabinoid effects on nociceptive neurons appear to
be indirect or possibly involve non-CB1 or -CB2 receptors
because of the low level of expression of CB1 or CB2 receptors
in nociceptive neurons (14-16).
The thermal and capsaicin-sensitive TRPV1 channel plays a key
role in thermal inflammatory hyperalgesia and neuropathic pain
(17-19). TRPV1 channel activity is modulated by its phosphoryla-
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tion status (17) and the phosphorylation of TRPV1 by kinases such
as PKA, PKC, and calcium/calmodulin dependent kinase II «
(CaMKlIla) sensitizes its functions, whereas dephosphorylation by
the protein phosphatase 2B (also known as calcineurin) desensitizes
its activity (17, 20-27). Thus, highly efficacious TRPV1 agonists
such as capsaicin can desensitize the channel in a calcium-
dependent fashion via the calcineurin-pathway leading to dephos-
phorylation of the channel (25, 28-31). The cannabinoid agonist
WIN 55,212-2 (WIN) evokes calcium-dependent neuropeptide
release from cultured sensory neurons (32). However, it is not
known whether cannabinoids such as WIN can dephosphorylate
and desensitize TRPV1 and whether this mechanism contributes to
the peripheral antihyperalgesic effects of cannabinoids.

Results

Cannabinoid Agonist WIN Inhibits Capsaicin-Evoked Responses in
Cultured Nociceptors and Superfused Nociceptor Terminals. The
mixed cannabinoid agonist WIN (CB1/CB2) was selected as a
prototypical cannabinoid because it evokes a profound peripherally
mediated thermal antihyperalgesic effect in TRPV1-dependent
behavioral models (9). In whole-cell voltage clamp experiments
(Fig. 14), the pretreatment with WIN inhibited capsaicin-induced
inward current (Icap) in ~80% of the cells that responded to
capsaicin (n = 132/168). Most of these cells were small-to-medium
diameter (15-40 wm). The WIN-induced inhibition of Icap was
concentration dependent with a maximal inhibition of ~48% (Fig.
1B). This inhibition occurred at concentrations greater than the
known nanomolar affinity of WIN at GPCR cannabinoid receptors
(33). The WIN-evoked inhibitory effects displayed a rapid onset, a
duration that persisted at least 10 min and recovered by 40 min (Fig.
1C). WIN altered the kinetics of Icap, producing ~5-fold increase
in the duration of the 5-95% rise time of Icap (5.1 = 0.7s,n = 40
vs. 224 = 1.7 s,n = 55; P < 0.0001). The application of WIN (25
uM) by itself induced a transient calcium influx in a subset of
capsaicin-sensitive neurons. After a return to basal levels, the
neurons were exposed to capsaicin (0.5 uM). Compared with the
vehicle-treated cells, WIN significantly inhibited capsaicin-induced
calcium influx (=57%; Fig. 1D). Importantly, this effect occurred
only in cells that responded to WIN pretreatment. To exclude the
possibility that the WIN effects were an artifact of culturing
conditions, we used two in vitro superfusion assays to evaluate WIN
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Fig. 1. The cannabinoid agonist WIN 55,212-2 (WIN) reversibly inhibits
capsaicin responses from nociceptors. (A) Effect of vehicle (VEH) or WIN
pretreatment on capsaicin-induced inward current in cultured rat TG neurons.
Cultured TG neurons were grown in presence of nerve growth factor (NGF) for
24-48 h. The intact neurons were exposed to VEH/WIN (25 uM) for 3 min,
washed for 2 min, and then Icap [0.5 uM capsaicin (CAP) for 40 s] were recorded
in whole-cell configuration. Representative traces denote capsaicin current
(Icap) after VEH or WIN treatment. (B) Effect of pretreatment with different
concentrations of WIN on Icap. Data are normalized to Icap after VEH pre-
treatment (n = 8—13 cells per condition; **, P < 0.01, ANOVA with Bonferroni
post hoc test). (C) The time course of WIN (25 uM for 3 min, then wash)
inhibition of Icapis shown (n = 8-12 cells per condition; *, P< 0.05; **, P< 0.01,
ANOVA with Bonferroni post hoc test). (D) Effect of VEH or WIN (25 uM)
pretreatment on capsaicin-induced calcium influx in cultured TG neurons. The
Fura-loaded cells were exposed to either vehicle or WIN (25 uM) for 3 min.
After the WIN-induced calcium influx returned to the basal level, the cells were
exposed to capsaicin (0.5 wM for 40 s). The elevation (A) in [Ca2*];in VEH-WIN
group denotes the calcium influx evoked by WIN alone over baseline values,
and the elevation (A) in [Ca2*]; in the VEH-CAP and WIN-CAP groups denotes
the CAP-evoked calcium influx over baseline levels after VEH or WIN pretreat-
ment (n = 16-25; **, P<0.05, ANOVA with Bonferroni post hoc test). (E) Effect
of VEH or WIN pretreatment on capsaicin-induced CGRP release from acutely
dissociated rat TG neurons. Freshly isolated and dissociated TG were pre-
treated with either vehicle or WIN for 7 min, washed, and then pulsed with
capsaicin alone (100 uM) for 2 min. Capsaicin-evoked iCGRP release was
measured by radioimmunoassay (RIA) and is represented as percent of basal
release (n = 8; *, P < 0.05, ANOVA with Bonferroni post hoc test). (F) Effect of
VEH or WIN pretreatment on capsaicin-induced CGRP release from acutely
isolated hindpaw skin. Freshly isolated hindpaw skin was pretreated with VEH
or WIN (10 uM), washed (10 min), and then pulsed with capsaicin alone (100
uM) for 2 min. Capsaicin-evoked iCGRP release was measured by RIA and is
represented as percent of basal release (n = 6; **, P < 0.01, Student’s t test).

effects in acutely isolated tissue. In acutely dissociated and super-
fused trigeminal (TG) neurons, WIN pretreatment inhibited cap-
saicin-evoked immunoreactive calcitonin gene-related peptide
(iICGRP) release (Fig. 1E). In the WIN pretreatment fraction, we
observed a statistically insignificant (=15%) increase in iCGRP
release above the basal release (data not shown), possibly because
of the small, transient increase in calcium evoked by WIN in these
neurons. Because most behavioral assays evaluating peripheral
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Fig. 2. WIN inhibition of capsaicin-evoked responses is independent of G
protein activation. (A) Effect of pretreatment of TG neurons with pertussis
toxin (PTx). Cultured TG neurons were grown in the presence or absence of PTx
(500 ng/ml, 24-36 h). Vehicle (VEH) or WIN was applied with Icap as described
in the legend for Fig. 1. (n = 7-10 cells; **, P < 0.01, ANOVA with Bonferroni
post hoc test). (B) Effect of trapping of G protein activities by dialyzing neurons
(5-8 min) with GDP-BS (2.5 mM) on WIN inhibition of Icap (n = 8-9 cells; **, P <
0.01, Student’s t test). (C) Positive control experiments, demonstrating the
inhibitory effect of pertussis toxin or GDP-B8S on [p-AlaZ,N-MePhe4,Gly>-
ollenkephalin (DAMGO) (1 wM) inhibition of high voltage-activated calcium
currents (HVA Ic,, n = 8-11cells; **, P<0.01, ANOVA with Bonferroni post hoc
test).

cannabinoids have involved hindpaw testing, we next evaluated the
effects of WIN on iCGRP release from acutely isolated and
superfused hindpaw skin biopsies. Similar to the TG superfusion
experiments, WIN pretreatment alone resulted in a small (=17%),
but statistically insignificant, increase in iCGRP release above the
basal release (data not shown). Importantly, pretreatment with
WIN significantly inhibited capsaicin-evoked iCGRP release from
the peripheral nerve terminals (Fig. 1F).

WIN Inhibition of Capsaicin Responses Is Independent of G Protein
Activation. The preponderance of evidence (18, 19, 34) indicates
either a very low (<5%) or no detectable expression of CB1/CB2
receptors on TRPV1-positive nociceptors. These observations sug-
gest the possibility of non-CB1/-CB2 mechanisms for WIN inhib-
itory actions in sensory neurons, and it is possible that either a
non-CB1/-CB2 cannabinoid GPCR or a cannabinoid ionotropic
receptor might mediate an effect. To exclude the role of a GPCR,
we first evaluated whether the inhibitory G protein (G;/o)-protein
signaling pathway was involved in WIN inhibition of Icap. Pretreat-
ment with pertussis toxin (PTx) did not affect WIN inhibition of
Icap (Fig. 24), even though control experiments verified that PTx
treatment abolished the actions of the p-opioid agonist [D-Ala?,N-
MePhe*,Gly’>-olJenkephalin (DAMGO) on Ic, (Fig. 2C). To ex-
clude other GPCRs including inhibitory G, and G pathways, we
applied GDP-SS, a nonhydrolysable GDP analogue that traps all G
proteins in an inactive conformation (35), and we found no change
in WIN-induced inhibition of Icap (Fig. 2B), although control
experiments verified that it abolished the DAMGO-inhibition of
I, (Fig. 2C and Fig. 6, which is published as supporting information
on the PNAS web site). Collectively, these data demonstrate that
WIN inhibition of capsaicin responses is unlikely to be mediated by
cannabinoid GPCRs.

WIN Inhibition of Capsaicin Responses Is Dependent on the Presence
of Extracellular Calcium and the Activation of Calcineurin. Previous
studies have demonstrated that Icap can be inhibited via a Ca2*-
dependent pharmacological desensitization (including tachyphy-
laxis) (28, 29, 31, 36). Because WIN application elevates intracel-
lular calcium ([Ca?*];) (Fig. 1D and ref. 32), we evaluated whether
external calcium was necessary for WIN-induced inhibition of /cap.
Similar to capsaicin-induced tachyphylaxis, WIN inhibition of /cap
was dependent on extracellular calcium (Fig. 3.4 and B). In contrast
to this dependence on extracellular calcium, the presence or
absence of calcium in the internal pipette solution had no effect
(Fig. 7, which is published as supporting information on the PNAS
web site) (24, 25). In addition, WIN inhibition of capsaicin-evoked
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Fig. 3. WIN inhibition of capsaicin-evoked responses is dependent on activation of the calcium-calcineurin pathway. (A) Evaluation of calcium dependency of WIN
and CAP for inhibition of Icap. Electrophysiology experiments were conducted as described in the legend to Fig. 1, except that WIN and CAP treatment was administered
in the presence of either 2 mM calcium (normal) or 0 mM calcium in the external solution. Representative traces showing capsaicin/WIN desensitization of Icap in the
presence or absence of external calcium. (B) Graphical representation of traces in A demonstrating the calcium dependency of WIN and CAP for inhibition of Icap (n =
14 cells; **, P< 0.01; ***, P < 0.001, ANOVA with Bonferroni post hoc test). (C) Effect of WIN pretreatment in calcium-free buffer on WIN inhibition of capsaicin evoked
iCGRP release from isolated hindpaw skin (n = 12; **, P < 0.01, ANOVA with Bonferroni post hoc test). The superfusion experiments were conducted as described in
the legend toFig. 1, except that WIN pretreatment was administered in the presence of either 2mM calcium (normal) or 0 mM calcium in the external solution; all groups
then were returned to 2 mM calcium concentrations for the 10 min wash and during the application of capsaicin. (D) Evaluation of the calcineurin dependency of WIN
and CAP for inhibition of /cap. Electrophysiology experiments were conducted as described in the legend to Fig. 1, except that WIN or CAP treatment was administered
in presence of CAIP (100 n.g) or the complex of 51 nM cyclosporine/100 nM cyclophilin. Representative traces are shown. (E) Graphical representation of traces in D
demonstrating the effect of inhibition of calcineurin on WIN and CAP inhibition of Icap (n = 615 cells; *, P < 0.05; **, P < 0.01; ***, P < 0.001, ANOVA with Bonferroni
post hoc test). (F) Effect of WIN pretreatment in the presence of CAIP (100 uM) on WIN inhibition of capsaicin-evoked iCGRP release from isolated hindpaw skin (n =

6; *, P < 0.01, ANOVA with Bonferroni post hoc test).

iCGRP release from superfused peripheral skin terminals was
dependent on the presence of extracellular calcium during WIN
pretreatment (Fig. 3C). The exclusive reliance on extracellular
calcium is consistent with the hypothesis that the site of calcium
actions could be in a vicinity of the channel pore through which
calcium enters (24). Because calcium influx activates protein phos-
phatase 2B (PP2B or calcineurin) that is critically involved in
regulating TRPV1-capsaicin responses (25, 30, 37), we evaluated
whether calcineurin mediates WIN-induced inhibition of capsaicin
responses. The application of either calcineurin autoinhibitory
peptide (CAIP) or the cyclosporine-cyclophilin complex
(CspA+Cyc), two structurally distinct calcineurin inhibitors (30),
completely reversed WIN inhibition of Icap (Fig. 3 D and E), and
positive control experiments verified their effectiveness for block-
ing capsaicin-induced tachyphylaxis. The involvement of the cal-
cineurin pathway was confirmed in skin superfusion assay by using
a cell permeable CAIP T (38) (Fig. 3F). The CAIP pretreatment
alone did not change the basal release of iCGRP release.

WIN Activates Calcineurin in TG Neurons and Dephosphorylates TRPV1.
We next evaluated the coexpression of calcineurin subunits with
TRPV1 in cultured TG neurons (Fig. 44) and whether WIN
activates calcineurin in these neurons (Fig. 4 B and C). NFATc4 was
found to be ubiquitously expressed in trigeminal sensory neurons.
TRPV1 immunoreactivity was found in 60.7 = 2.4% (n = 12) of
NFATc4-positive TG neurons. Application of both capsaicin and
ionomycin evoked nuclear translocation of NFATc4 in TG neurons
suggestive of calcineurin activation (Fig. 4 B and C) (39). Pretreat-
ment with the calcineurin inhibitor, CAIP, significantly inhibited
the capsaicin effect (Fig. 4C). Similarly, WIN evoked nuclear
translocation of NFATc4 that was significantly inhibited by CAIP
pretreatment (Fig. 4C). The percent of cells showing calcineurin
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activity (as measured by nuclear NFATc4) post-WIN treatment was
slightly lower than after capsaicin treatment (39.5% vs. 53.0%).
These numbers were consistent with the electrophysiology and
calcium imaging experiments where only 75-80% of capsaicin
responsive cells were also WIN responsive. The TRPV1 phosphor-
ylation at threonine residues plays a critical role in channel sensi-
tization and desensitization (25, 26). The application of WIN
decreased basal phosphorylation of TRPV1 at threonine residues,
and this effect was blocked by a pretreatment with the calcineurin
inhibitor CAIP (Fig. 4 D and E). Additional experiments confirmed
WIN-induced dephosphorylation of TRPV1 by measuring a reduc-
tion in *?P-TRPV1 (Fig. 8, which is published as supporting
information on the PNAS web site).

Role of Calcineurin in Peripheral WIN-Evoked Inhibition of Nocifensive
Behavior and Hyperalgesia. We next evaluated the in vivo relevance
of the calcineurin pathway in mediating peripheral WIN-induced
antihyperalgesia and antinociception in trigeminal and dorsal root
ganglia pain models. Local injection of WIN into the vibrissal pad
inhibited the second phase of formalin nocifensive behavior in a
CAIP reversible manner (Fig. 54). Control experiments indicated
that the WIN effect was peripherally mediated (Fig. 54). The
intraplantar (ipl) injection of capsaicin resulted in thermal hyper-
algesia (10.4 = 0.5svs. 4.4 = 0.6 s, P <0.001; Fig. 5B). Pretreatment
with a peripherally selective dose of WIN (9) completely (P <
0.001) reversed capsaicin-induced thermal hyperalgesia, and this
WIN effect was blocked by CAIP (Fig. 5B). Thus in vivo experi-
ments confirm the involvement of the calcineurin pathway in
mediating peripheral WIN-induced inhibition in models of noci-
ception and hyperalgesia.

Discussion

In this study, we demonstrate that the cannabinoid agonist WIN
directly and reversibly inhibits capsaicin responses in nociceptors
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via a signaling pathway that involves calcium influx and activa-
tion of calcineurin. The activation of calcineurin by WIN de-
phosphorylates TRPV1 and thus desensitizes/inhibits TRPV1
activities. In vivo studies using two distinct models of nociception
involving both the trigeminal and dorsal root ganglia systems
demonstrated the calcineurin dependency of peripheral WIN-
induced thermal antihyperalgesia.

WIN was selected because this cannabinoid is peripherally active
in pain models, including inflammation (9, 39-41). WIN activates
CBI1 and CB2, permitting evaluation of both of these receptors in
mediating peripheral WIN mechanisms. In addition, these results
might be generalized to a variety of structurally distinct cannabi-
noids that share CB1-/CB2-binding domains. Indeed, a CB1 ago-
nist, such as ACEA, and a CB2 agonist, such as AM1241, desen-
sitize TRPV1 in sensory neurons via a similar pathway (A.N.A. and
K.M.H., unpublished data). Moreover, we previously have demon-
strated that WIN evokes a calcium influx in TG nociceptors in a
TRPV1 independent manner (32). One possible candidate for this
WIN-evoked response appears to be TRPA1 (A.N.A. and KM.H.,
unpublished data).™ Thus, understanding the signaling mediating
the desensitization of TRPV1 by cannabinoids, possibly by a
heterologous desensitization mechanism not requiring direct acti-
vation of TRPV1, could have profound mechanistic and therapeutic
value.

TRPV1 plays an important role in chemical nociception and
thermal hyperalgesia (18, 19) and appears to contribute to
mechanical hyperalgesia (42, 43). Thus cannabinoid desensiti-
zation of TRPV1 may explain the efficacy of peripheral canna-
binoids in various pain models. The behavioral effects demon-
strate that calcineurin mediates the antihyperalgesic effects of

t*Ruparel, N. B., Akopian, A. N., Patwardhan, A. M., Jeske, N. A. & Hargreaves, K. M. (2005)
Soc. Neurosci. Abstr., 622.3 (abstr.).
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Bonferroni post hoc test). (D) Effect of WIN
and CAIP/WIN treatment on TRPV1 phos-
phorylation. Cultured TG neurons (6 ganglia
per 10-cm plate) were treated with VEH, WIN
(25 uM), or CAIP (50 uM)+WIN. A represen-
tative Western blot demonstrating phospho-
threonine content (Upper) in TRPV1 immu-
noprecipitated TG lysates (Lower). (E)
Quantification of multiple experiments per-
formed as described in D. The band density
was normalized to total TRPV1 protein (n =
3 independent cultures; *, P < 0.05, ANOVA
with Bonferroni post hoc test).
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WIN but do not by themselves implicate a direct neuronal
hypothesis. Instead, this hypothesis was tested by using multiple
independent in vitro experiments.

In the electrophysiology experiments, WIN treatment reduced
Icap and produced ~5-fold increase in the 5-95% rise time of Icap.
A similar effect is observed with capsaicin tachyphylaxis (37), and
this altered rate of activation might explain the nocifensive and
nonnocifensive nature of certain compounds due to altering the
kinetics of ligand-gated channels, thereby influencing action po-
tential frequency and duration. Thus, compounds that produce a
delayed rate of activation lead to inactivation of certain voltage-
gated channels and therefore evoke little to no nocifensive behavior
(44). This effect might have implications for the in vivo WIN effects
because a delay in Icap kinetics might result in a decrease in
nocifensive behavior/hyperalgesia.

Multiple studies performed by using point mutation strategy
have demonstrated that TRPV1 activity is modulated by its phos-
phorylation status at various serine and threonine residues (21, 22,
25, 26). WIN decreased phosphorylation of TRPV1 at threonine
residues in a calcineurin-dependent fashion, and these results were
confirmed with the 3?P experiment. It should be recognized that
calcineurin is a serine-threonine phosphatase, and thus it is possible
that WIN-evoked dephosphorylation of TRPV1 occurs at serine
residues as well. Further studies will be required to pinpoint the
specific residues involved in calcineurin-dependent WIN-induced
dephosphorylation of TRPV1.

In our in vivo experiments, CAIP alone did not significantly alter
nocifensive responses, possibly because of an inability to further
potentiate maximally active doses of both capsaicin (10 pg) and
formalin (5%).

An important question raised by these results is the relative
contribution of GPCR (i.e., metabotropic) vs. channel (i.e., iono-
tropic) mechanisms in mediating peripheral cannabinoid antihy-
peralgesia/antinociception. Depending on the agonist used, various

Patwardhan et al.
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number of seconds the animal displayed nocifensive behavior as measured by
blinded observers (n = 6 animals per group; ***, P<0.001, two-way ANOVA with
Bonferroni post hoc test). (B) Lightly restrained rats were injected with VEH, WIN
(10 wg), CAIP (400 pg), or WIN+CAIP in the right hindpaw. The same paws were
injected with capsaicin (10 ug) 15 min later. The thermal withdrawal latencies
were measured 5 and 10 min after capsaicin injection by blinded observers. Data
are depicted as paw withdrawal latency in seconds. To evaluate the development
of hyperalgesia, post-capsaicin withdrawal latencies were compared with the
basal withdrawal latencies (n = 6-10 animals per group, two-way ANOVA with
Bonferroni post hoc test; ###, P < 0.001; ##, P < 0.01). To evaluate the WIN-
evoked antihyperalgesia and its modulation by CAIP, the statistical comparison
was made with respect to the VEH-CAP group (n = 6-10 animals per group; ***,
P < 0.001, two-way ANOVA with Bonferroni post hoc test).

studies using mainly behavioral pharmacology methods have re-
ported the involvement of CB1 and/or CB2 in peripheral canna-
binoid antihyperalgesia/antinociception (9, 10, 16, 39-41, 45).
Moreover, some studies have demonstrated a CB1-/CB2-
independent component of peripheral cannabinoid inhibition of
nociceptors (46, 47). In our experimental conditions, at a single cell
level, cannabinoid-inhibition of /cap was independent of activation
of GPCRs. Importantly, cannabinoid inhibition of /cop and CGRP
release was dependent on the presence of extracellular calcium, a
finding consistent with a possible involvement of a channel in
mediation of this effect. Moreover, the inhibition of calcineurin
completely abolished WIN inhibition of chemical nociception and
capsaicin-induced CGRP release, denoting the critical role of this
pathway in cannabinoid effects. Although there are no reported
pathways that link activation of either CB1 or CB2 to calcineurin,
that possibility cannot be ruled out in the in vivo and skin super-
fusion assays. Thus, a link between calcineurin and CB1/CB2 may
exist in peripheral nonneuronal cells such as skin cells, immune
cells, and so on. Based on these issues, this data demonstrates a
peripheral cannabinoid ionotropic mechanism for antihyperalgesia,
but the presence of both ionotropic and metabotropic cannabinoid
mechanisms in other peripheral assays cannot be excluded.

The activation of nociceptive sensory neurons could lead to
nociception. However, some compounds are capable of altering
nociceptor activity without producing nociceptive behavior. Thus,
some cannabinoids such as anandamide, A’THC, and, in this case,
WIN induce sufficient calcium influx in nociceptors to activate the
calcineurin pathway and desensitize the TRPV1 responses, but in
vivo assays do not detect a WIN-evoked nociception/hyperalgesia
before desensitizing nociceptors. This observation also holds true
with TRPV1 agonists such as anandamide (AEA) that fail to evoke
nociception by using in vivo assays (12, 48). The mechanism for this
phenomenon is unknown, although it is possible that the compar-
atively small and slow WIN- or AEA-gated currents might not be
sufficient to generate action potentials leading to nociception. This
property of WIN to evoke desensitization without evoking noci-
ception could be of considerable therapeutic importance in clinical
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settings where local application of WIN (or similar compounds)
could produce analgesia without exacerbating pain.

Materials and Methods

Animals and Compounds. Adult male Sprague—Dawley (Charles
River Laboratories) rats weighing 250-300 g were used in this
Institutional Animal Care and Use Committee (ILACUC)-approved
study. WIN (Tocris Cookson, Ellisville, MO) and capsaicin and
cyclosporine (both from Fluka/Sigma—Aldrich) were made in
DMSO, and then, on the day of use, were dissolved in respective
buffers (Hanks’ solution/standard external solution). For behav-
ioral experiments, WIN and capsaicin were dissolved in a mixture
of 5% Tween-80 and 5% DMSO in 0.9% saline. CAIP (Calbio-
chem), [D-Ala?,N-MePhe*,Gly>-ol]enkephalin (DAMGO), GDP-
Bs, and cyclophilin stocks were made in water and diluted in the
respective buffer.

TG Cultures. TG were cultured similar to ref. 49, except the trypsin
step was omitted and the collagenase treatment included dispase (1
mg/ml; Roche) For the experiments evaluating changes in the
TRPV1 phosphorylation, six TGs collected from three rats were
plated onto one 10-cm plate.

Electrophysiology. Whole-cell voltage-clamp recordings of Icap
from cannabinoid- versus vehicle-treated neurons were compared
in separate neurons to avoid interference from progressive reduc-
tion of Icap amplitudes (i.e., tachyphylaxis) caused by successive
application of capsaicin (28). The experimental protocol included
either a vehicle or WIN (3 min) pretreatment and wash (2 min),
followed by a capsaicin exposure (0.5 uM for 40 s). The recordings
were made at 22-24°C from the somata of neurons (15-45 pico-
farads) by using an Axopatch 200B amplifier and PCLAMP 9.0
software (Axon Instruments, Union City, CA). Recordings were
performed at holding potential (}4,) of —60 mV. Data were filtered
at 0.5-5 kHz and sampled at 2-10 kHz depending on current
kinetics. I, was elicited every 15 s with 50 or 100 ms pulses to 0 mV
from a I}, of —60 mV at pH 7.4. Solutions are described in
Supporting Materials and Methods, which is published as supporting
information on the PNAS web site.

Calcium Imaging. To measure intracellular [Ca®*] levels, the dye
Fura-2 AM (2 uM; Molecular Probes) was loaded into cells in the
presence of 0.05% Pluronic (Calbiochem) for 60 min at 37°C.
Fluorescent imaging was performed by using a 20X /0.75 numerical
aperture Fluor objective (Nikon); the light source was a xenon lamp
equipped with filter wheel (Sutter Instruments, Novato, CA) con-
trolled by Lambda 10-3 (Sutter Instruments) and METAFLUOR
software (Universal Imaging, Downingtown, PA). Cultured TG
neurons preloaded with Fura-2 were exposed to either vehicle or
WIN (25 uM) for 3 min. WIN evoked a transient calcium influx in
a subset of cells. After the calcium levels returned to basal levels in
these cells, the neurons were exposed to capsaicin (0.5 uM for 405s).
The ratiometric data were converted to [Ca®*]; (as a micromolar
concentration) by using the equation [Ca?*]; = K* (R — Rumin)/
(Rmax — R), where R is the 340/380 nm fluorescence ratio. Rin,
Rumax, and K* (0.29, 2.75, and 1.44 uM, respectively) were measured
according to a method described in ref. 50.

In Vitro Skin and TG Superfusion. To measure CGRP release from
skin (51), freshly isolated rat hindpaw skin biopsies were incubated
(Hanks’ solution) for 20 min for basal iCGRP release and then
pretreated with either vehicle or WIN (10 M) for 20 min, washed
for 10 min (to remove WIN), and stimulated with 100 uM capsaicin
for 2 min. The evoked release was collected over three 20-min
fractions, and iCGRP release was measured by radioimmunoassay
(RIA) as described (49). The experiments using CAIP (100 uM)
had a 20-min pre- and cotreatment of the peptide with WIN
followed by a wash (10 min). In experiments evaluating the calcium
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dependence of WIN effect, WIN pretreatment was performed in
calcium-free Hanks’ solution buffer containing 10 mM EGTA;
however, 2 mM calcium was restored during the 10-min wash, and
the capsaicin exposure was done in Hanks’ solution containing 2
mM calcium.

To measure CGRP release from acutely isolated TG (49),
dissociated TGs (four per chamber) were washed with oxygenated
Hanks’ solution buffer for 30 min to attain a basal iCGRP release
and then exposed to either vehicle or WIN (5-50 uM) for 7 min,
washed (7 min), and then pulsed with capsaicin (100 wM for 2 min).

Behavioral Assays. Formalin-evoked nocifensive behavior tests in
the orofacial pain model were carried out as described (52). The
right vibrissal pad was injected with 50 ul of 5% formalin (Fisher
Scientific)-containing vehicle, 10 pug of WIN, and/or membrane
permeable form of CAIP (400 ug). Scratching, grooming, or
rubbing (nocifensive behavior) events at the injection side was
collected by 3-min bins by blinded observers.

Capsaicin-evoked thermal paw withdrawal latencies (PWL) were
measured as described (53). After collection of basal PWL, rats
were injected intraplantarly (50 ul) with Veh (9), WIN (10 ng),
CAIP (400 ug), or WIN/CAIP, and then were injected with
capsaicin (10 ug in 10 ul, intraplantarly) 15 min later. PWL was
measured 5 and 10 min later by blinded observers.

Immunohistochemistry. Immunohistochemical studies evaluated
calcineurin expression in TG neurons by using anti-A and anti-B
antisera to the subunits of calcineurin (Chemicon) with colocaliza-
tion to anti-TRPV1 antisera (15) (Neuromics; Bloomington, MN).
As a measure of calcineurin activation, the nuclear translocation of
NFATc4 was determined in cultured TG neurons exposed to
various treatments for 20 min. Neurons were fixed, and immuno-
histochemistry was performed by using a previously characterized
antibody specific to NFATc4.
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Dephosphorylation Assay. To determine the effects of WIN on
TRPV1 dephosphorylation, 10-cm TG cultures were incubated
with 1 mCi of [*?Plorthophosphate (PerkinElmer) for 4 h at 37°C
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or 50 uM CAIP for 30 min at 37°C, and then with either vehicle or
WIN (25 uM) for 15 min, and harvested (54). The cleared lysates
were immunoprecipitated with 1 ug of anti-TRPV1 antisera (Ab-2;
Calbiochem), resolved on 15% SDS/PAGE, and transferred to
poly(vinylidene difluoride) (Millipore). Western blots were either
exposed to film at —80°C overnight for autoradiography or blocked
in 5% BSA in Tris-buffered saline plus 0.05% Tween 20 and
visualized by using antibodies to TRPV1 (anti-TRPVI1, Ab-1;
Calbiochem) or phosphothreonine (Calbiochem), followed by ap-
propriate secondary antisera linked to horseradish peroxidase and
enhanced chemiluminescence (General Electric Healthcare). All
autoradiographic and phosphospecific bands were quantified using
National Institutes of Health Image 162 and normalized to values
obtained from total immunoprecipitated TRPVI.

Data Analysis. Data are presented as mean + SEM. The electro-
physiology data were normalized to the Icap under respective
conditions, and comparisons were made to the respective Icap.
Data were analyzed by using GRAPHPAD PRISM software version 4
(GraphPad, San Diego). Multifactor experimental data were ana-
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groups were compared by using a Bonferroni post hoc test, whereas
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alyzed by using Student’s ¢ test.
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