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Abstract

Cannabinoid receptor agonists diminish responses to painful stimuli. Extensive evidence implicates the CB, receptor in the production of
antinociception. However, the capacity of CB, receptors, which are located outside the central nervous system (CNS), to produce anti-
nociception is not known. Using AM1241, a CB, receptor-selective agonist, we demonstrate that CB, receptors produce antinociception to
thermal stimuli. Injection of AM1241 in the hindpaw produced antinociception to a stimulus applied to the same paw. Injection of an
equivalent dose of AM1241 into the paw contralateral to the side of testing did not. The antinociceptive actions of AM1241 were blocked by
the CB, receptor-selective antagonist AM630, but not by the CB, receptor-selective antagonist AM251. AM1241 also produced antinoci-
ception when injected systemically (intraperitoneally). The antinociceptive actions of systemic AM1241 were blocked by injection of
AMG630 into the paw where the thermal stimulus was applied, but not the contralateral paw. These findings demonstrate the local, peripheral
nature of CB, cannabinoid antinociception. AM1241 did not produce the CNS cannabinoid effects of hypothermia, catalepsy, inhibition of
activity or impaired ambulation, while this tetrad of effects was produced by the mixed CB,/CB, receptor agonist WIN55,212-2. Peripheral
antinociception without CNS effects is consistent with the peripheral distribution of CB, receptors. CB, receptor agonists may have promise
clinically for the treatment of pain without CNS cannabinoid side effects. © 2001 International Association for the Study of Pain. Published

by Elsevier Science B.V. All rights reserved.
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1. Introduction

Cannabinoid receptor agonists produce relief of pain in a
variety of animal models (Richardson, 2000). The majority
of these effects appear to be mediated by CB, cannabinoid
receptors, as they are blocked by CB,; receptor-selective
antagonists (Richardson, 2000). CB; receptors are found
in the central nervous system and have also been suggested
to lie on peripheral nerve terminals (Hohman and Herken-
ham, 1999a,b). Administration of the endogenous CB,
receptor agonist, anandamide into the ipsilateral hindpaw
of the rat reduced -carrageenan-induced hyperalgesia
(Richardson et al., 1998a) or formalin-induced nociception
(Calignano et al., 1998), indicating that activation of periph-
eral CB, receptors produces antinociception.

CB, receptors are located outside of the central nervous
system (Munro et al., 1993; Facci et al., 1995; Galiegue et
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al., 1995; Griffin et al., 1999). It is not known whether
activation of peripheral CB, receptors results in relief of
pain. In this regard, administration of the endocannabinoid
palmitoylethanolamide (PEA) reduced edema and inflam-
matory hyperalgesia (Mazzari et al., 1996). Furthermore,
administration of PEA into the ipsilateral paw decreased
the behavioral response to formalin injection into the hind-
paw (Calignano et al., 1998). This effect was sensitive to the
CB, receptor-selective antagonist SR144528, but insensi-
tive to the CB, receptor-selective antagonist SR141716A.
Intraperitoneal PEA was inactive and intravenous PEA was
much less potent than was the intraplantar-administered
drug. These findings suggest that intraplantar palmitoyletha-
nolamide exerted its antinociceptive effect by activation of
peripheral CB, receptors. However, PEA may not be a direct
CB, receptor agonist, as it does not bind to CB, receptors
transfected into host cells (Showalter et al., 1996). There-
fore, it has been suggested that PEA activates CB, receptors
indirectly, by initiating a chain of events resulting in CB,
receptor activation. For example, it has therefore been
proposed that, rather than being a direct CB, receptor
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agonist, PEA may enhance the effects of other endocanna-
binoids, perhaps by inhibiting their inactivation (Lambert
and DiMarzo, 1999).

The present studies test the hypothesis that direct and
selective activation of peripheral CB, receptors can inhibit
responses to acute noxious stimuli. They also test the predic-
tion that, because CB, receptors are not found in the CNS,
selective CB, receptor activation will not produce central
nervous system cannabinoid effects. These experiments
utilize AM1241, a CB, receptor-selective agonist.

2. Methods
2.1. Animals

All procedures were approved by the University of
Arizona Animal Care and Use Committee and followed
the guidelines of the International Association for the
Study of Pain (Zimmermann, 1983). Male Sprague-Dawley
rats (Harlan, Indianapolis, IN), 250-350 g at the time of
testing, were maintained in a climate-controlled room on a
12-h light/dark cycle and allowed food and water ad libitum.

2.2. Drug administration

AMI1241, is a potent (K; = 2nM) cannabinoid receptor
agonist with 95-340-fold selectivity for the CB, receptor
in vitro. AM630 is a CB, receptor-selective antagonist
with 70-165-fold selectivity for binding to the CB, receptor
in vitro (Ross et al., 1999; Hosohata et al., 1997). AM251 is
a 300-fold selective CB, receptor antagonist (Gatley et al.,
1996, 1997). WINS55,212-2, a mixed CB,/CB, receptor
agonist, was purchased from Sigma (St. Louis, MO). All
drugs were dissolved in dimethyl sulfoxide (DMSO).
Drugs were injected subcutaneously in the dorsal surface
of the paw (i.paw, 50 wl) or intraperitoneally (i.p., 0.5
ml). Measurements were taken 25 min after i.paw injection
or 15 min after i.p. injection. In preliminary experiments,
these were determined to be the times of maximal drug
effect.

2.3. Testing of antinociception

Assessment of antinociceptive actions of AM1241 was
made by evaluating the response latency to removal of the
paw from a focused source of thermal stimulation, as
described by Hargreaves et al. (1988). Rats were allowed
to acclimate within plexiglass enclosures on a clear glass
plate maintained at 30°C. A radiant heat source (a high-
intensity projector lamp) was focused onto the plantar
surface of the hindpaw. Activation of the heat source acti-
vated a timer which stopped when withdrawal of the paw
was detected with a photodetector. A maximal cut-off of
40 s was utilized to prevent tissue damage.

2.4. Testing of CNS effects

Cannabinoid-induced hypothermia was determined by
measuring rectal temperature using a thermistor probe
(Digital Thermometer 100, VWR Scientific). AM1241
(3.3 mg/kg), WIN55,212-2 (3.3 mg/kg) or vehicle was
injected i.p. Twenty-five minutes after injection, rectal
temperature was again measured.

Ring immobility was determined as described by Martin
et al. (1991). CB; cannabinoid agonists cause animals to
become cataleptic. They display no voluntary movements
in a setting (e.g. perched on a ring) where they would other-
wise be active. Rats were acclimated to the testing room
overnight. Animals were placed on the test apparatus, a
12.5 cm ring attached at a height of 16 cm to a ring stand.
Each animal was observed for a 5 min period and the sum of
all times during which the rat was motionless was deter-
mined to the nearest second. The criterion for immobility
was the absence of all voluntary movements, including
whisker and snout movements. AM1241 (3.3 mg/kg),
WINS5,212-2 (3.3 mg/kg) or vehicle (DMSO) was injected
i.p. and the measurement was repeated 25 min after injec-
tion. Immobility is expressed as the percent of the 5-min
period that the rat was immobile.

For measurement of the inhibition of locomotor activity
by cannabinoids, AM1241 (3.3 mg/kg), WIN55,212-2 (3.3
mg/kg) or vehicle (DMSO) was injected i.p. Rats were
placed in individual photocell activity chambers (AccuScan
Instruments, Inc., Columbus, OH). Spontaneous activity
was measured as the number of interruptions of photocell
beams over a 90-min period. The percent inhibition of loco-
motor activity by AM1241 or WINS55,212-2 was calculated
compared to the activity of a separate group of rats that had
received vehicle alone.

Ambulation was tested using a rotarod device (Columbus
Instruments International, Columbus, OH). Animals were
trained until they could remain on the device for a duration
of 180 s at a speed of 10 revolutions per minute. They were
again tested 25 min after i.p. administration of AM1241,
WINS55,212-2 or vehicle and the time they were able to
remain on the device until falling was recorded. A maximal
cut-off time of 180 s was used.

2.5. Data analysis

Antinociception is expressed as the percent of the maxi-
mum possible effect (%MPE), using the formula:
%MPE = (WL — CL) / (CO — CL), where WL is the with-
drawal latency obtained experimentally, CL is the control
(baseline) value before drug administration, and CO is the
cut-off value (40 s). Dose-response curves were generated
and the Ay, values (doses producing 50% MPE) were calcu-
lated (Tallarida and Murray, 1987). In other experiments,
groups were compared using ANOVA, followed by pair-
wise comparisons using Student’s #-test with a Bonferroni
correction. Significance was defined as P < 0.05.
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Fig. 1. Peripheral antinociceptive effect of AM1241. AM1241 was injected
into the hindpaw ipsilateral or contralateral to the side of nociceptive test-
ing. Data expressed as mean = SEM. N = 6 per group.

3. Results

The CB, receptor-selective agonist, AM1241 produced
dose-dependent antinociception to a thermal stimulus
applied to the hindpaw, when administered into the hindpaw
on the side of testing (ipsilateral i.paw) (Fig. 1). AM1241
was much less active when given into the paw contralateral
to the side of antinociceptive testing (Fig. 1). The As
(analgesic dose yielding a 50% effect) was 847 wg/kg
with the maximum possible effect (100% MPE) being
achieved at 3.3 mg/kg. The CB, receptor-selective antago-
nist AM630 (100 wg/kg), administered in the ipsilateral
paw, completely blocked the actions of 1 mg/kg i.paw
AM1241 (P < 0.05 by ANOVA followed by Student’s -
test with a Bonferroni correction), at doses of AM630 that
produced no effect when given alone (Fig. 2). The CB;
receptor-selective antagonist, AM251 (330 pg/kg) had no
effect (Fig. 2).

100
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+AM630 +AM251 AM630 AM251
AM1241

Fig. 2. Antagonism of the antinociceptive effects of i.paw AM1241 (1 mg/
kg) by i.paw AM630 (100 pg/kg) but not by i.paw AM251 (330 pg/kg).
AMG630 is a CB, receptor-selective antagonist and AM251 is a CB; recep-
tor-selective antagonist. Data are expressed as mean = SEM. Groups were
compared using ANOVA followed by pairwise comparisons using
Student’s r-test. *P < 0.05 compared to baseline. *P < 0.05 compared to
AM1241 alone. N = 6 per group.
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Fig. 3. Antinociceptive effects of intraperitoneal AM 1241. The antinoci-
ceptive effects of i.p. AM1241 were antagonized by i.p. AM630 (1 mg/kg)
but not by i.p. AM251 (1 mg/kg). Data expressed as mean = SEM. Groups
were compared using ANOVA followed by pairwise comparisons using
Student’s r-test. *P < 0.05 compared to AM1241 alone. N = 6 per group.

AM 1241 also produced dose-dependent antinociception
when administered intraperitoneally (i.p.), with an As, of
103 pg/kg (Fig. 3). The effect of i.p. AM1241 (333 pg/
kg) was completely blocked by i.p. AM630 (1 mg/kg), but
not by ip. AM251 (1 mgkg) (P <0.05 by ANOVA
followed by Student’s #-test with a Bonferroni correction)
(Fig. 3). The effect of i.p. AM1241 was decreased by 86%
by AM630 (100 wg/kg) administered in the paw ipsilateral
to the side of testing (P < 0.05), while AM630 in the
contralateral paw had no effect (Fig. 4). AM251 (330 g/
kg) had no effect when administered in either paw.

Body temperature (38.1 £ 0.1°C) was not altered by i.p.
injection of vehicle (DMSO) or AM1241 (3.3 mg/kg). In
contrast, i.p. WIN55,212-2 (3.3 mg/kg) a mixed CB1/CB2
cannabinoid receptor agonist caused 2.1°C hypothermia
(P < 0.05 by ANOVA followed by Student’s t-test with a
Bonferroni correction) (Fig. SA). In the ring immobility test
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Fig. 4. Antagonism of the antinociceptive effects of intraperitoneal
AM1241 (330 pg/kg) by 100 pg/kg AM630 or 330 wg/kg AM251 injected
into the paw ipsilateral or the paw contralateral to the side of nociceptive
testing. Data expressed as mean = SEM. Groups were compared using
ANOVA followed by pairwise comparisons using Student’s t-test.
*P < 0.05 compared to AM1241 alone. N = 6 per group.
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Fig. 5. Effect of AM1241 (3.3 mg/kg) and WIN,55212-2 (3.3 mg/kg) on CNS cannabinoid effects. (A) Hypothermia. (B) Ring immobility test of catalepsy. (C)
Inhibition of locomotor activity. (D) Interference with ambulation, as assessed by performance on the rotarod apparatus. The WINS55,212 effect on ambulation
is blocked by AM251, but not AM 630. All data expressed as mean = SEM. *P < 0.05 compared to vehicle (DMSO). *P < 0.05 compared to AM 1241 alone.

N = 6 per group.

of catalepsy, animals displayed no periods of immobility
before injection. Injection of vehicle alone caused immobi-
lity for 17% of the observation period (P < 0.05 compared
to baseline) (Fig. 5B). AM 1241 did not increase immobility
compared to vehicle. In contrast, WIN55,212-2 produced
78% immobility (P < 0.05 compared to vehicle alone).
Intraperitoneal AM 1241 did not inhibit spontaneous activity
compared to vehicle (Fig. 5C). WINS55,212-2 inhibited
activity by 48% (P < 0.05 compared to vehicle). In the
rotarod test of ambulation, all animals remained on the
apparatus for the 180 min cut-off time before injection
and after administration of vehicle alone (Fig. 5D). Intraper-
itoneal AM1241 (3.3 mg/kg) did not alter duration on the
rotarod apparatus, while WINS55,212-2 (3.3 mg/kg i.p.),
reduced the mean duration by 88% (P < 0.05 compared
to vehicle alone). The effect of WIN55,212-2 on ambulation
was prevented by AM251 (1 mg/kg ip.), (P <0.05
compared to agonist alone), but was not affected by
AMG630 (1 mg/kg i.p.).

4. Discussion
These experiments demonstrate that selective activation

of peripheral CB, receptors is sufficient to produce antino-
ciception. The CB, receptor-selective agonist, AM1241,

injected into one hindpaw showed analgesic activity when
a thermal stimulus was applied to the same paw. Taken
alone, these data might be postulated to be due to drug
diffusing into the bloodstream and acting at distant sites.
For example, cannabinoid receptors are found at a variety
of sites in the central nervous system (Herkenham et al.,
1991) and activation of central cannabinoid receptors
produces antinociception (Yaksh, 1981; Lichtman and
Martin, 1991; Martin et al., 1993, 1995, 1996; Hohman et
al., 1995; Lichtman et al., 1996; Richardson et al., 1998b,c).
However, the inability of equivalent doses of AM1241 to
produce antinociception when administered into the contral-
ateral hindpaw supports a local site of action.

While both CB; and CB, receptors are found in peripheral
tissues (Munro et al.,, 1993; Hohman and Herkenham,
1999a,b), the antinociceptive effects of AM1241 appear to
be due to actions at the CB, receptor. AM 1241 displays 95-
to 340-fold selectivity for the CB, receptor in binding
studies in vitro. Coadministration of the CB, receptor-selec-
tive antagonist AM630 in the same hindpaw blocked the
analgesic effect of AM1241. In contrast the CB; receptor-
selective antagonist AM251 did not block AM1241-induced
antinociception.

Systemic (i.p.) administration of AM1241 also produced
antinociception to a thermal stimulus applied to the paw.
The antinociceptive actions of systemic AM1241 appear to
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be mediated at peripheral sites, as injection of AM630 into
the tested paw blocked the antinociceptive actions of intra-
peritoneal AM1241. These findings suggest that the primary
site of action of AM1241 is local at the site of testing. In
contrast, injection of AM630 into the paw contralateral to
the side of testing did not affect the antinociceptive actions
of systemic AM1241, demonstrating that the actions of
i.paw AM630 were local and not due to uptake into the
circulation and spread to distant sites.

AMI1241 was more potent in producing antinociception
when administered i.p. than when administered in the dorsal
surface of the ipsilateral paw. This finding might be taken to
suggest that the effect of i.paw AM1241 may be systemic
rather than local. However, comparing the i.paw with the
i.p. routes is complicated by the issue of drug distribution.
Specifically, the systemic absorption of the drug may be
much more efficient from the peritoneal cavity than from
paw tissue, perhaps because the surface area available for
absorption is much greater in the peritoneum. Administra-
tion of test drug into the paw ipsilateral to the side of noci-
ceptive testing vs. administration into the contralateral paw
is a more direct test of local vs. systemic effects because
systemic absorption should be similar from both sites.

Further, the relatively low potency of i.paw AM1241 may
be explained by the site of injection. AM1241 was injected
in the dorsal surface of the paw, while the presumed site of
action was in the plantar surface, where the test stimulus
was applied. This method was necessary because injection
of vehicle (DMSO) into the plantar surface prolonged with-
drawal latency, while injection of vehicle into the dorsal
surface had no effect. If AM 1241 does not readily penetrate
the tissue of the paw to reach the plantar surface, or if this
lipophilic drug becomes entrapped in fatty tissue of the
hindpaw, it would reduce the apparent potency of the drug.

Our results contrast with those of Hanus et al. (1999) who
studied the antinociceptive effects of the CB, receptor
agonist HU-308, a compound that shows 500-fold selectiv-
ity for the CB, receptor. HU-308 resulted in decreased lick-
ing behavior in the late, but not the early phase after
injection of formalin into the hindpaw. However, Hanus et
al. did not detect production of significant antinociception
by HU-308 in mice on a 55°C hot plate. In contrast, we
observed a profound antinociception to thermal stimuli.

Our data do not specifically address the mechanism by
which activation of peripheral CB, receptors leads to anti-
nociception. One possibility is that AM1241 activates CB,
receptors on peripheral nerve endings, thereby decreasing
sensitivity of primary afferent neurons. There is indirect
evidence that CB, receptors may be present on peripheral
neurons (Griffin et al.,, 1997; Pertwee, 1999). The CB,
receptor-selective agonists 1-propyl-2-methyl-3-(1-naph-
thoyl) indole and 1-deoxy-11-hydroxy-A®*-THC-dimethyl-
heptyl inhibit electrically-evoked contractions of mouse
vas deferens at concentrations below their dissociation
constant for displacement of CP-55940 from CB, binding
sites. This inhibition was not blocked by the CB; receptor-

selective antagonist SR141716A. A neuronal site of action
was inferred by the finding that 1-propyl-2-methyl-3-(1-
naphthoyl) indole inhibits electrically-evoked contractions
at concentrations that do not inhibit contractions induced by
exogenous administration of neurotransmitters. However,
direct evidence for peripheral neuronal CB, receptors has
not been obtained. CB, receptor messenger RNA was not
found in dorsal root ganglion cells (Hohman and Herken-
ham, 1999b).

Alternatively, the CB, receptor is present on immune
cells, including mast cells, macrophages, B-lymphocytes,
T-lymphocytes and natural killer cells (Munro et al.,
1993; Facci et al., 1995; Galiegue et al., 1995). It is possible
that AM1241 activates the CB, receptor on mast or other
immune cells, thereby decreasing the basal release of mole-
cules that sensitize the peripheral nociceptor (e.g. prosta-
noids, cytokines, adenosine triphosphate, 5-hydroxy-
tryptamine or histamine). It is not clear whether there is
significant basal release of sensitizing molecules from
mast or other immune cells in non-inflamed tissue. If
there is, inhibition of this release could provide a mechan-
ism for CB, receptor-mediated antinociception. Activation
of CB, cannabinoid receptors results in inhibition of adenyl
cyclase activity by a G;,, protein and stimulation of mitogen-
activated protein kinase (for review see Pertwee, 1997). CB,
receptors have also been reported to be coupled to G
protein-coupled inwardly rectifying potassium channels
(Ho et al., 1999). Interpretation of experimental data relat-
ing adenylate cyclase activity to immune cell function is
complex. Importantly, however, the inhibitory effect of
cannabinoids in several tests of immune cell function can
be prevented by blocking or reversing the cannabinoid-
induced decrease in intracellular cyclic AMP (Schatz et
al., 1993; Kaminski et al., 1994). Mast cell degranulation
may be linked to adenylate cyclase activity, as suggested by
the observation that degranulation can be augmented by
increasing adenylate cyclase activity or suppressed by
decreasing adenylate cyclase activity (Holgate et al. 1980).

At fully analgesic doses, systemic AMI1241 did not
produce hypothermia, catalepsy or inhibition of activity.
These effects are believed to be mediated by CNS CB,
cannabinoid receptors (Martin et al., 1991; Pertwee, 1997,
Mechoulam et al., 1998). In contrast, approximately equia-
nalgesic doses (Asy for antinociception produced by
AM1241 was 103 pg/kg while Asy for WINS5,212-2 was
75 pg/kg, data not shown) of the mixed CB;/CB, receptor
agonist WINS55,212-2 produced this triad of cannabinoid
effects. Similarly, analgesic doses of AM1241 produced
no or small effects in the rotarod test of ambulation. We
hypothesized that activation of CNS cannabinoid receptors
would interfere with the ability to ambulate. This prediction
is supported by the fact that systemic WIN55,212-2 inter-
fered with ambulation in a manner sensitive to AM251, but
not AM630. Taken together, these findings are consistent
with the hypothesis that selective CB, receptor agonists may
be free of CNS-mediated cannabinoid effects.
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The experiments presented in this paper demonstrate that
activation of peripheral CB, receptors is sufficient to
produce antinociception to an acute thermal stimulus.
They also demonstrate a lack of CNS cannabinoid effects
by a selective CB, receptor agonist. These results have clear
medical implications, since CB, receptor agonists would be
predicted to be effective in treating acute pain without the
central side effects of cannabinoid agonists with CB, recep-
tor agonist activity. Central nervous system side effects,
such as anxiety, sedation, and abuse potential have limited
the development and use of cannabinoids as pain medica-
tions.
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