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Abstract
Anandamide has been characterized as both an endocannabinoid and endovanilloid. Consistent with
its actions as an endovanilloid, previous studies have demonstrated that anandamide can excite
primary sensory neurons in vitro via transient receptor potential vanilloid type one (TRPV1)
receptors. In the present study, we sought to determine if anandamide excited cutaneous C nociceptors
in vivo and if this excitation correlated with nocifensive behaviors. Using teased-fiber
electrophysiological methods in the rat, C nociceptors isolated from the tibial nerve with receptive
fields (RFs) on the plantar surface of the hindpaw were studied. Injection of anandamide into the RF
dose-dependently excited nociceptors at doses of 10 and 100 μg. The TRPV1 receptor antagonists,
capsazepine or SB 366791, were applied to the RF to determine if excitation by anandamide was
mediated through TRPV1 receptors. Intraplantar injection of either capsazepine (10 μg) or SB 366791
(3 μg) attenuated the excitation produced by 100 μg anandamide. We also determined whether
excitation of C nociceptors by anandamide was associated with nocifensive behaviors. Intraplantar
injection of 100 μg anandamide produced nocifensive behaviors that were attenuated by pre-
treatment with either capsazepine or SB 366791. Furthermore, we determined if intraplantar injection
of anandamide altered withdrawal responses to radiant heat. Neither intraplantar injection of
anandamide or vehicle produced antinociception or hyperalgesia to radiant heat. Our results indicate
that anandamide excited cutaneous C nociceptors and produced nocifensive behaviors via activation
of TRPV1 receptors.
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1. Introduction
Anandamide (AEA) is a membrane-derived fatty acid amide and was the first identified
endogenous cannabinoid receptor agonist, or endocannabinoid (Devane et al., 1992).
Currently, two receptors for cannabinoids have been isolated and cloned, cannabinoid one

Address correspondence to: Donald Simone, Ph.D., Department of Diagnostic & Biological Sciences, University of Minnesota School
of Dentistry, 515 Delaware St. SE, 17-252 Moos Tower, Minneapolis, MN 55455, phone: 612-625-6464, fax: 612-626-2651,
simon003@umn.edu.
Classification of Terms: none
Section: Sensory Systems, Pain modulation: pharmacology
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Brain Res. Author manuscript; available in PMC 2010 May 1.

Published in final edited form as:
Brain Res. 2009 May 1; 1268: 38–47. doi:10.1016/j.brainres.2009.02.061.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(CB1) and cannabinoid two (CB2) receptors (Matsuda et al., 1990; Munro et al., 1993), both
being G-protein coupled receptors localized to various neuronal and non-neuronal tissues.
CB1 receptors are most commonly expressed on neurons, and activation of these receptors has
been shown to be inhibitory by decreasing calcium channel conductance and increasing
potassium channel conductance (for review see Howlett et al., 2004; Demuth and Molleman,
2006). AEA has affinity for both CB1 (Devane et al., 1992) and CB2 (Felder et al., 1995; Slipetz
et al., 1995) receptors, with slightly higher affinity for CB1 receptors. Previous studies in
laboratory animals have demonstrated that systemic administration of anandamide produces
typical cannabimimetic effects such as hypothermia, hypolocomotion, catalepsy, and
antinociception (Fride and, Mechoulam 1993; Smith et al., 1994) primarily through activation
of CB1 receptors (Wise et al., 2007). Additionally, peripheral administration of anandamide
attenuates formalin-evoked nociception (Calignano et al., 1998; Guindon et al., 2006) and
hyperalgesia following inflammation (Richardson et al., 1998) and nerve injury (Guindon and
Beaulieu, 2006) through activation of peripheral CB1 receptors.

In contrast to these inhibitory actions through CB1 receptors, AEA has also been identified as
an endogenous ligand for the transient receptor potential vanilloid type one (TRPV1) receptor,
and is part of a growing class of endovanilloids (Melck et al., 1999; Zygmunt et al., 1999;
Smart et al., 2000). The TRPV1 receptor is a non-selective cationic channel that is activated
by capsaicin (Caterina et al., 1997), resiniferatoxin (Szallasi et al., 1999), protons (Caterina et
al., 1997; Tominaga et al., 1998), and noxious heat (Caterina et al., 1997). Unlike its inhibitory
actions via cannabinoid receptors, high concentrations of AEA excite isolated nociceptive
dorsal root ganglion neurons through activation of TRPV1 receptors resulting in depolarizing
inward current, increased intracellular calcium, and release of calcitonin-gene related peptide
(CGRP) (Tognetto et al., 2001; Olah et al., 2001; Jerman et al., 2002; Ahluwalia et al., 2003;
Fischbach et al., 2007). Similar excitatory effects were observed for isolated nociceptive
trigeminal ganglion neurons (Roberts et al., 2002; Price et al., 2004). Additional studies
demonstrated that AEA excited bronchopulmonary (Lin and Lee, 2002; Kollarik and Undem,
2004; Lee et al., 2005), mesenteric (Zygmunt et al., 1999), and articular (Gauldie et al.,
2001) C fibers through interactions with TRPV1 receptors.

Although in vitro studies have demonstrated that AEA can excite dorsal root ganglion neurons
and visceral C fibers, it is not known whether AEA excites cutaneous nociceptors in vivo.
Therefore, the aim of the present study was to determine if local injections of anandamide into
the hindpaw excited cutaneous C nociceptors in vivo, and if so, whether activation of C
nociceptors by AEA produced nocifensive behaviors.

Results
2.1 General properties of C nociceptors

A total of 91 cutaneous C nociceptors with mechanical RFs located on the plantar surface of
the hindpaw were studied. Examples of conduction latency and responses to noxious pinch and
heat are shown for a single nociceptor in figure 1. The mean conduction velocity of all C
nociceptors was 0.66±0.01 m/s (range of 0.43 - 1.5 m/s), the mean mechanical threshold was
104.3±9.0 mN (range of 24.1 - 674.2 mN), and the mean heat response threshold was 47.1
±0.5°C (range of 41 - 51°C). Of the 91 C nociceptors studied, 40 (44%) responded to heat and
mechanical stimuli (CMH nociceptors), 37 (41%) were excited by only mechanical stimuli
(CM nociceptors), 8 (9%) responded to mechanical and cold stimuli (CMC nociceptors) and
6 (6%) exhibited responses to heat, mechanical, and cold stimuli (CMHC nociceptors). None
of the C nociceptors had ongoing activity prior to any drug injection.
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2.2 Responses of C nociceptors to injection of vehicle
Injection of vehicle (Tocrisolve™:saline) into the RFs excited 4 of 10 C nociceptors, probably
due to mechanical distention of the RF (Hilliges et al., 2002). Overall, injection of vehicle
evoked 13.5±2.5 impulses with a mean discharge rate of 2.9±0.8 Hz. Importantly, responses
only occurred during injection and no post-injection impulses were evoked once the needle
was removed from the skin. An example of a typical response to vehicle for a single C
nociceptor is displayed in Figure 2a.

2.3 Dose-dependent excitation of C nociceptors by anandamide
Injection of AEA at doses from 0.001 to 100 μg into the RF excited 24 out of 52 C nociceptors
(n=10 - 11 per dose). Injection responses did not vary as a function of AEA dose and the
combined injection response produced by all doses of AEA was 10.3±1.8 impulses with a mean
discharge rate of 3.0±0.1 Hz. This was similar to the proportion and magnitude of injection
responses produced by vehicle. However, unlike vehicle, injection of AEA at doses greater
than 0.001 μg evoked responses after the needle was withdrawn from the skin (post-injection
impulses). Examples of post-injection impulses evoked by injection of AEA at doses of 0.10
μg and 100 μg are shown for individual C nociceptors in figure 2b and 2c, respectively. The
proportion of nociceptors that exhibited post-injection impulses, as well as the number of
impulses and discharge rate, were greater after AEA doses of 10 and 100 μg as compared to
vehicle (p<0.05; figure 3). Post-injection discharge rates produced by 100 μg AEA were greater
than those produced by 10 μg AEA (p<0.01; figure 3). The latency to onset and the duration
of post-injection impulse firing did not differ between the doses. The mean latency to onset of
post-injection impulses was 60.3±2.8 s and the mean duration of response was 133.6±4.1 s
across all doses. The proportion of C nociceptors excited by AEA was not related to functional
subtype of C nociceptor. Overall, these data demonstrate that peripheral administration of AEA
excited cutaneous C nociceptors in a dose-dependent manner.

Excitation of cutaneous nociceptors by AEA appears to be restricted primarily to C nociceptors
since in a small sample of mechanosensitive Aδ nociceptors studied, none were excited by 100
μg AEA (n=5) or vehicle (n=5) (data not shown).

2.4 Attenuation of AEA-evoked responses by TRPV1 receptor antagonists
To determine whether excitation of nociceptors by AEA occurred through a TRPV1-dependent
mechanism, either capsazepine or SB 366791, both competitive TRPV1 receptor antagonists,
was injected into the RF 5 minutes prior to 100 μg AEA. Injection of capsazepine (10 μg), SB
366791 (3 μg), or vehicle (ethanol:saline) produced injection responses that did not differ in
either proportion or magnitude from each other or AEA and its vehicle (data not shown).
Capsazepine, SB 366791, or vehicle did not produce any post-injection impulses. Pre-treatment
with either capsazepine (10 μg) or SB 366791 (3 μg) attenuated the excitation produced by
100 μg AEA. Pre-treatment with either capsazepine or SB 366791 attenuated the number of
post-injection impulses (Figure 4b) and the mean discharge rates (Figure 4c) evoked by AEA.
These data suggest that excitation of C nociceptors by AEA occurs, at least in part, via TRPV1
receptors.

2.5 Nocifensive behaviors produced by AEA
Since AEA excited cutaneous nociceptors, we determined if intraplantar injection of AEA also
evoked nocifensive behaviors. Rats received a single intraplantar injection of 10 or 100 μg
AEA, or vehicle, and the onset and duration of nocifensive behaviors were recorded. AEA, but
not vehicle, produced nocifensive behaviors. Doses of 10 and 100 μg produced nocifensive
behaviors that lasted for a duration of 15.0±7.5 s and 65.3±7.0 s, respectively (p<0.001; figure
5). To determine if the nocifensive behaviors produced by AEA were mediated by TRPV1
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receptors, rats received an intraplantar injection of capsazepine (10 μg), SB 366791 (3 μg), or
vehicle prior to injection of 100 μg AEA. Capsazepine, SB 366791, or vehicle did not produce
any nocifensive behaviors (data not shown). However, nocifensive behaviors produced by
AEA were attenuated following pre-treatment with capsazepine or SB 366791, but not vehicle
(figure 5). The onset of nocifensive behavior produced by AEA did not differ between the
groups, and the mean onset of nocifensive behavior across all groups was 63.5±5.9 s. These
data are consistent with our electrophysiological studies and suggest that nocifensive behaviors
produced by AEA occur, at least in part, through activation of TRPV1 receptors.

2.6 Withdrawal responses to radiant heat following AEA
Since other TRPV1 receptor agonists produce nocifensive behaviors and hyperalgesia to heat,
we determined whether AEA also produced heat hyperalgesia. Paw withdrawal latencies from
radiant heat were determined before and after intraplantar injection of vehicle or 100 μg AEA
(n=6-7 per group). Vehicle produced a small decrease in the paw withdrawal latencies from
10.7±0.6 s to a peak decrease of 8.3±0.5 s at 30 minutes after injection (p<0.05). AEA produced
a similar decrease in paw withdrawal latency. Mean withdrawal latencies decreased from 10.9
±0.8 s before injection to a peak decrease of 8.4±0.8 s at 30 minutes after injection (p<0.05),
which did not differ at any time point from the vehicle treated group (data not shown).
Withdrawal latencies returned to baseline values by 60 minutes after injection of AEA or
vehicle. These data suggest that intraplantar injection of AEA does not produce either
hyperalgesia or antinociception to radiant heat.

3. Discussion
The present study demonstrated that intraplantar injection of AEA produced dose-dependent
excitation of cutaneous C nociceptors which was attenuated by pre-treatment with TRPV1
receptor antagonists capsazepine and SB 366791. Similarly, intraplantar injection of AEA
produced nocifensive behaviors that were also attenuated by either capsazepine or SB 366791.
Unlike other TRPV1 receptor agonists, intraplantar injection of AEA alone did not alter
withdrawal responses to radiant heat. Together, these results demonstrate that AEA excites
cutaneous C nociceptors and produces nocifensive behaviors, in part, through activation of
TRPV1 receptors.

3.1 Activation of TRPV1 receptors by AEA
In previous studies conducted in vitro, AEA excited isolated DRG neurons (Tognetto et al.,
2001; Olah et al., 2001; Jerman et al., 2002; Ahluwalia et al., 2003; Fischback et al., 2007).
The present study extends these observations and show that cutaneous C nociceptors in vivo
are also excited by AEA. The doses of AEA used here to excite cutaneous nociceptors were
similar to those used to excite bronchopulmonary (Lin and Lee, 2002; Kollarik and Undem,
2004; Lee et al., 2005), mesenteric (Zygmunt et al., 1999), and articular (Gauldie et al.,
2001) C fibers.

Excitation of C nociceptors by AEA was attenuated by pre-treatment with the TRPV1 receptor
antagonists capsazepine and SB 366791, consistent with earlier studies in vitro (Tognetto et
al., 2001; Olah et al., 2001; Jerman et al., 2002; Ahluwalia et al., 2003; Fischback et al.,
2007). Despite the higher affinity and selectivity of SB 366791 for TRPV1 receptors compared
to capsazepine, both attenuated the excitation produced by AEA to a similar degree. The results
of the present study are in agreement with and extend earlier studies demonstrating that AEA
can excite nociceptive dorsal root ganglion neurons through TRPV1 receptors. Interestingly,
it synthetic cannabinoid receptor agonists, such as arachidonyl-2-chloroethylamide (ACEA),
WIN 55,212-2, and AM1241 can also activate TRP channels (Price et al., 2004: Jeske et al.,
2006; Akopian et al., 2008).
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Although our results demonstrate that excitation of cutaneous C nociceptors by AEA is at least
partly mediated by activation of TRPV1 receptors, some nociceptors were still excited by AEA
after pre-treatment with capsazepine or SB 366791. This suggests that other mechanisms in
addition to TRPV1 receptors may be involved in the excitation of nociceptors by AEA. In a
previous study it was found that AEA activated TRPV4 receptors following metabolism by
cytochrome P450 epoxygenase (Watanabe et al., 2003). Additional studies have shown that
other enzymes can oxidize AEA, with unknown actions on nociceptors (for review see Burstein
et al., 2000; Woodward et al., 2008).

Although responses of C nociceptors to capsaicin were not determined in the present study,
prior studies have clearly documented the excitatory effects of capsaicin on cutaneous C
nociceptors in rats (Ren et al., 2005), non-human primates (Baumann et al., 1991) and humans
(LaMotte et al., 1992). Intradermal injection of capsaicin produces excitation of C nociceptors
immediately following injection that lasts for several minutes (Baumann et al., 1991; LaMotte
et al., 1992; Ren et al., 2005). The excitation of C nociceptors following intradermal injection
of capsaicin is consistent with the sensation of burning pain in humans (Simone et al., 1989;
LaMotte et al., 1992) and nocifensive behaviors exhibited by rats (Gilchrist et al., 1996). In
contrast to capsaicin, AEA did not produce hyperalgesia to radiant heat and had a longer onset
(≈ 60 s) to excitation of C nociceptors. The decrease in paw withdrawal latencies likely resulted
from irritation produced by injection, and we have also observed increased mechanical
sensitivity following intraplantar injections (Potenzieri et al., 2008). Although administration
of AEA into the RFs of C nociceptors evoked responses during injection, this likely represents
a non-specific effect since the magnitude of these responses did not differ between doses of
AEA, antagonists, or vehicles.

3.2 Nocifensive behaviors produced by intraplantar injection of AEA
The excitation of cutaneous C nociceptors by AEA likely underlies the nocifensive behaviors
evoked by AEA. A strong correlation was found between the onset of nociceptor excitation
and the onset of nocifensive behavior after administration of 100 μg AEA. The mean onset of
nocifensive behaviors after injection was 64.6±9.4 s, which was similar to the onset of C
nociceptor excitation (60.3±2.8 s). Although the duration of excitation of cutaneous C
nociceptors by AEA did not differ between the doses used, the magnitude of excitation was
greater at higher doses. This increased magnitude of excitation likely contributes to the
nocifensive behaviors produced by the higher doses of AEA. In a similar study, nocifensive
behaviors following intraplantar injection of ATP in rats also correlated with the magnitude of
C nociceptor excitation by ATP (Hamilton et al., 2001). The decrease in both nociceptor
excitation and the attenuation of nocifensive behaviors by pre-treatment with capsazepine or
SB 366791 also demonstrates the importance of C nociceptors to the nocifensive behaviors
following AEA. Prior studies have demonstrated that both capsazepine and SB 366791 can
also attenuate nocifensive behaviors evoked by intraplantar injection of capsaicin (Andrade et
al., 2008).

Although intraplantar injection of 100 μg AEA produced nocifensive behaviors, it did not alter
withdrawal latencies to radiant heat. A similar result was recently reported in which intrathecal
administration of 100 μg AEA produced a temporary pro-nociceptive effect described as
“vocalization and excitation” without subsequent hyperalgesia to heat (Horvath et al., 2008).
This lack of hyperalgesia to heat following AEA differs from that of other endogenous TRPV1
agonists, such as N-arachidonoyldopamine (NADA) (Huang et al., 2002) and N-
oleoyldopamine (OLDA) (Chu et al., 2003). The lack of hyperalgesia to heat after AEA may
be related to its lower efficacy or its partial agonist activity at rat TRPV1 receptors (Zygmunt
et al., 1999; Sprague et al., 2001; Smart et al., 2001; Jerman et al., 2002).
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Peripheral administration of AEA does not always produce nocifensive behaviors. For
example, application of NADA, but not AEA at doses of 61 to 608 μg, to the cornea of rats
elicited nocifensive behavior (Price et al., 2004). This observation is somewhat surprising given
the dose-dependent activation of trigeminal ganglion neurons by AEA (Price et al., 2004). In
humans, local application of 30 mM AEA into the skin of the forearm produced vasodilatation
without sensations of pain (Movahed et al., 2005). The absence of pain sensation following
injection of AEA could be related to the route of administration, since AEA was applied to the
superficial skin using a lancet (Movahed et al., 2005), whereas in the present study AEA was
administered via subcutaneous injection.

Peripheral injection of AEA has traditionally been shown to produce analgesia in rodent pain
models (Richardson et al., 1998; Guindon and Beaulieu, 2006; Guindon et al., 2006). This is
a dose-dependent effect since the analgesic doses of AEA used in those studies were all in
nanogram range and much lower than those needed to excite nociceptors in the present study.
These results are consistent with a concentration-dependent, biphasic model for AEA, where
at low concentrations AEA acts as an agonist at CB1 receptors to inhibit nociceptive
transmission, whereas higher concentrations produce excitation of nociceptors via activation
of TRPV1 receptors (Tognetto et al., 2001; Ahluwalia et al., 2003). Thus, it is possible that
AEA can produce peripherally-mediated analgesia at low doses without activating C
nociceptors, but produce nocifensive behaviors at higher doses.

3.3 Physiological implications for excitation of C nociceptors by AEA
Previous studies have demonstrated that AEA is found in the skin of rodents at low levels
(Felder et al., 1996; Calignano et al., 1998; Beaulieu et al., 2000). Therefore, it is unlikely that
the concentrations of AEA which excite cutaneous C nociceptors in this study exist under basal
conditions. However, under certain conditions the effect of AEA on TRPV1 receptors may be
potentiated. For example, the affinity of AEA for TRPV1 receptors increased following
activation of PKA (de Petrocellis et al., 2001) and PKC (Vellani et al., 2001), during
acidification (pH ≤ 6), and after exposure to inflammatory mediators (Singh Tahim et al.,
2005). Thus, under pathological conditions, endogenous AEA may activate TRPV1 receptors.
In addition, concentrations of AEA have been shown to increase during cystitis and
contractions of the urinary bladder by AEA via TRPV1 receptors were greatly enhanced during
cystitis, suggesting that AEA contributes to this pathological state (Harrison et al., 2003; Dinis
et al., 2004; Saitoh et al., 2007). During inflammatory conditions, it is possible that elevated
concentrations of AEA could serve to promote nociceptive signaling by activating nociceptors
via TRPV1 receptors. Further studies are needed to determine the contribution of endogenous
AEA to the excitation and sensitization of nociceptors following injury and inflammation.

3.4 Summary
The present study demonstrated that AEA excited cutaneous C nociceptors dose-dependently
and produced correlative nocifensive behaviors. Excitation of C nociceptors and nocifensive
behaviors produced by AEA were attenuated by pre-treatment with TRPV1 receptor
antagonists capsazepine or SB 366791, suggesting that excitation by AEA occurs, at least in
part, through activation of TRPV1 receptors. Additional studies are needed to determine the
functional roles of AEA in modulating nociceptor activity under normal and pathological
conditions.

4. Experimental Procedures
4.1 Subjects

A total of 130 adult, male, Sprague–Dawley rats (Harlan, Indianapolis, IN) weighing 280-350
g were used in this study. Animals were housed on a 12-hour light/dark schedule and allowed
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ad libitum access to food and water. All animal procedures were approved by the Animal Care
Committee at the University of Minnesota, and experiments were conducted according to the
guidelines established by the International Association for the Study of Pain.

4.2 Drug preparations and administration
Anandamide (N-(2-Hydroxyethyl)-5Z,8Z,11Z,14Z-eicosatetraenamide), the TRPV1 receptor
antagonists capsazepine (N-[2-(4-Chlorophenyl)ethyl]-1,3,4,5-tetrahydro-7,8-dihy
droxy-2H-2-benzazepine-2-carbothioamide) and SB 366791 (4′-Chloro-3-
methoxycinnamanilide), and Tocrisolve™100 were acquired from Tocris Bioscience
(Ellisville, MO). AEA was supplied pre-dissolved in Tocrisolve™100 (5 μg/μl). Capsazepine
and SB 366791 were both prepared in a stock solution of 100% ethanol (20 μg/μl). Capsazepine
is a vanilloid receptor antagonist with an IC50 ≈ 230 - 600 nM (Dickenson and Dray, 1991;
Seabrook et al., 2002). SB 366791 is a selective TRPV1 receptor antagonist with an IC50 ≈ 6
nM (Gunthorpe et al., 2004). The doses of capsazepine (26.5 nmol) and SB 366791 (10.4 nmol)
used here were similar, but slightly higher than doses (1 nmol each) used to attenuate capsaicin-
evoked nocifensive behaviors in a previous study (Andrade et al. 2008). All drugs were diluted
to their final concentrations in sterile isotonic saline and were administered by subcutaneous
injection into the plantar surface of the hindpaw in a total volume of 20 μl using a 0.3 ml insulin
syringe. The vehicle used corresponded to the highest dose of AEA (100 μg).

4.3 Electrophysiological recording
All animals were initially anesthetized by intramuscular injection of ketamine (100 mg/kg) and
xylazine (45 mg/kg). A catheter was placed into the external jugular vein to provide
supplemental anesthesia with sodium pentobarbital (10 mg/kg per hour) to maintain areflexia.
Core body temperature was maintained at 37°C using a feedback-controlled heating pad
(Harvard Apparatus, Holliston, MA). Animals were euthanized at the end of each experiment
with an overdose of sodium pentobarbital.

Electrophysiological recordings were made from identified cutaneous afferent fibers from the
left tibial nerve using a teased-fiber approach. The tibial nerve was dissected from the
surrounding tissue and the overlaying skin was sewn to a metal ring to form a pool that was
filled with warm mineral oil. The tibial nerve was placed onto a mirror platform for fine
dissection with sharpened Dumont # 5 forceps (Fine Science Tools, Foster City, CA). Teased
fibers were placed onto a tungsten electrode and action potentials were recorded extracellularly.
Action potentials were amplified, audio monitored, displayed on an oscilloscope, and stored
on a PC computer for data analysis. Only fibers with clearly discriminated single unitary action
potentials (units) were studied. Responses of individual units were analyzed off-line using a
customized data analysis program (LabVIEW, version 5.1; National Instruments, Austin, TX).

4.4 Identification of Afferent Units
Afferent units were found by mechanically stimulating the plantar surface of the hindpaw with
the experimenter's finger or by stimulation with calibrated von Frey monofilaments. Once a
single unit was identified, the location of its mechanical receptive field (RF) was identified
with von Frey filaments and marked on the skin using a felt-tipped pen.

4.5 Conduction Velocity
The conduction velocity was determined by electrically stimulating the skin with pin electrodes
inserted just outside the RF. Electrical stimuli consisted of 200-μs pulses delivered at a rate of
0.5 Hz. Units were excited at 1.5× their electrical threshold and the conduction latency was
measured from the time of the electrical stimulus artifact to the evoked action potential.
Conduction distance was determined by measuring the distance from the RF to the recording
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electrode. Conduction velocity (m/s) was calculated by dividing conduction distance by
conduction latency.

4.6 Functional Classification of Nociceptors
Units were classified functionally according to their responses to mechanical, heat, and cold
stimuli applied to the RF. Mechanical stimuli used to classify units included light brushing
with the tip of a cotton swab, mildly pinching with a pair of forceps, and application of von
Frey filaments. Mechanical response thresholds were determined using a series of calibrated
von Frey monofilaments and defined as the smallest force (mN) that reliably evoked at least
one impulse. Heat stimuli were delivered using a feedback-controlled Peltier device (Yale
Electronics, New Haven, CT) with a contact area of 1 cm2. Heat response thresholds were
determined by stimulating the RF for 5 s using an ascending series of heat stimuli from 35 -
51°C with 2°C intervals and an interstimulus interval of 120 s. Heat response thresholds were
defined as the temperature (°C) to evoke at least one impulse. A unit was considered heat-
responsive if it responded with at least one impulse to a stimulus temperature of 51°C or less.
A unit was classified as cold responsive if it discharged at least one impulse in response to
placement of a small piece of ice on its receptive field for 20 s. Units were classified as
nociceptors if they exhibited a slowly adapting response to noxious pinch but not to light touch
(Leem et al., 1993). Units were further classified as Aδ nociceptors if they had a conduction
velocity between 2.5 -25.0 m/s and as C nociceptors if they has a conduction velocity < 2.5 m/
s.

4.7 Nociceptor responses to intraplantar injection
Following the classification of a unit as a nociceptor, activity over 300 s in the absence of
stimulation was recorded to determine if the unit exhibited ongoing activity. Drug was
administered by inserting the needle outside the unit's RF and the injectate was observed as a
bleb of fluid centered within the RF. Ongoing activity was also recorded during and for 300 s
after injection. Responses were separated into the response during injection (injection
responses), and responses that occurred after injection of drug and withdrawal of the needle
from the skin (post-injection responses). Injection and post-injection responses are indicated
as both the evoked number of impulses and mean discharge rate (Hz). A unit was considered
responsive to drug if it discharged ≥ 2 post-injection impulses. Only one nociceptor was studied
per animal.

4.8 Nocifensive behaviors
After three consecutive days of acclimation to the testing environment, animals were briefly
restrained in a cloth towel and received an intraplantar injection of AEA or vehicle into one
hindpaw. Animals were then placed under a clear plastic cage (23×3×13 cm3) on an elevated
wire mesh platform for observation of nocifensive behaviors. Nocifensive behaviors consisted
of spontaneous lifting, flinching, and licking of the hindpaw. Immediately following injection,
a timer was started and the latency to onset (s) and the duration (s) of nocifensive behaviors
was recorded over a 5 minute period. The experimenter was blinded to the identity of drug
given.

4.9 Withdrawal responses to radiant heat
Paw withdrawal latency (s) was determined according to a method similar to that described by
Hargreaves et al., (1988). Withdrawal responses to radiant heat stimuli were determined using
a custom built device that uses an encased 50W bulb to deliver a radiant heat source. Rats were
placed under a clear plastic cage on a 3-mm thick glass plate that was elevated to allow
maneuvering of the radiant heat source beneath it. Rats were acclimated to the testing
environment for at least 15 min prior to stimulation. The heat source was positioned such that
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the focused beam of radiant heat (8 mm diameter) was applied to the mid-plantar surface.
Withdrawal latencies to the nearest 0.1 s were measured automatically by use of a photocell
that terminated each trial and stopped the timer upon withdrawal of the hindpaw. A 19 s cutoff
was imposed to prevent tissue damage. Four stimuli were applied to each hindpaw, alternating
between paws, with an interstimulus interval of at least 60 s. Withdrawal latency for each paw
was defined as the average of the last three trials. Withdrawal latencies were obtained daily
for each hindpaw during a training period of 3 consecutive days. Hyperalgesia and analgesia
to heat were defined as a decrease or an increase in paw withdrawal latency, respectively. The
experimenter was blinded to the identity of drug given.

4.10 Data analyses
All data are presented as mean±S.E.M. Injection responses produced by vehicles, AEA, and
antagonists; dose-response relationships of anandamide on the number of post-injection
impulses and mean discharge rates; and between group comparisons on the duration of
nocifensive behaviors and paw withdrawal latencies to radiant heat were all made using one-
way ANOVA followed by un-paired t-tests with the Bonferroni correction for multiple
comparisons. Analysis of the proportions of nociceptors exhibiting injection and post-injection
impulses following vehicles, AEA, and antagonists were compared using the Chi-square test
followed by pair-wise comparisons using the Fisher Exact test. The effect of antagonists on
the number of post-injection impulses and mean discharge rate and were made using un-paired
t-tests. The effect of antagonist pre-treatment on the proportion of C nociceptors exhibiting
post-injection impulses was determined using the Fisher exact test. All statistical analyses were
performed using Sigma Stat software (Systat Software, San Jose, CA). A probability value
<0.05 was considered significant.
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Figure 1.
Functional classification of cutaneous C nociceptors. (A) An example of a conduction latency
trace for a single C nociceptor illustrating the latency of action potential discharge following
electrical stimulation at the RF (arrow head). (B) An example of a response of a C nociceptor
evoked by application of a cotton swab brushed across the RF followed by lifting the skin and
pinching the RF with a pair of forceps. (C) Responses of a C nociceptor to increasing intensities
of heat stimuli applied to the RF.
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Figure 2.
Responses of cutaneous C nociceptors to vehicle or AEA. (A) An example of a response of a
single cutaneous C nociceptor to injection of vehicle (Tocrisolve™:saline). (B) An example
of excitation produced by injection of 100 ng AEA. (C) An example of the response evoked
by injection of 100 μg AEA. Downward arrow designates the time of injection.
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Figure 3.
Dose-dependent excitation of cutaneous C nociceptors by AEA. (A) The percent of C
nociceptors responsive to each dose of AEA. (B) The mean number of post-injection impulses
evoked by each dose of AEA. (C) The mean discharge rate of post-injection impulses evoked
by AEA. * indicates a significant difference from vehicle (p<0.05). ** indicates a significant
difference from vehicle (p<0.01). ## indicates a significant difference from 10 μg AEA
(p<0.01). n=10-11 per group.
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Figure 4.
Capsazepine attenuates excitation of C nociceptors evoked by AEA. (A) The change in the
percent of C nociceptors responsive to 100 μg AEA following pre-treatment with capsazepine
(10 μg). Capsazepine produced a significant decrease in both the number of post-injection
impulses (B) and the mean discharge rate of post-injection impulses (C) evoked by injection
of 100 μg AEA. * indicates a significant difference from 100 μg AEA (p<0.05). ** indicates
a significant difference from 100 μg AEA (p<0.01). n=11-12 per group.
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Figure 5.
Nocifensive behavior following intraplantar injection of AEA is attenuated by capsazepine.
The duration of nocifensive behavior (s) was quantified following injection of AEA at doses
of 10 or 100 μg alone or 100 μg AEA following pre-treatment with capsazepine (10 μg) or
vehicle. CAPZ: capsazepine. SB: SB 366791. Vehicle: vehicle for capsazepine and SB 366791.
NOTE: neither anandamide's vehicle (Tocrisolve:saline), CAPZ/SB's vehicle (ethanol:saline),
CAPZ alone, or SB alone evoked nocifensive behaviors. *** indicates a significant difference
from 100 μg AEA (p<0.001). n=6-10 per group.
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