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ABSTRACT
Previous studies have shown that mice primed with Corynebac-
terium parvum produce higher levels of inflammatory cytokines
than unprimed mice upon challenge with lipopolysaccharide
(LPS). Herein, we describe experiments in which two cannabinoid
(CB) agonists, WIN 55212-2 {(R)-(1)-[2,3-dihydro-5-methyl-3-[(4-
morpholinyl)methyl]pyrrolo[1,2,3-de]1,4-benzoxazin-6-yl](1-
naphthyl)methanone} and HU-210 [(2)-11-hydroxy-D8 tetrahydro-
cannabinol-dimethylheptyl], were examined for their effects on
LPS-induced cytokines in C. parvum-primed and unprimed mice.
These agonists have been reported to bind selectively to the CB2
and CB1 receptor subtypes, respectively. WIN 55212-2 (3.1–50
mg/kg i.p.) and HU-210 (0.05–0.4 mg/kg i.p.) decreased serum
tumor necrosis factor-a and interleukin-12 (IL-12) and increased
IL-10 when administered to mice before LPS. The drugs also
protected C. parvum mice (but not unprimed mice) against the
lethal effects of LPS. The protection afforded to C. parvum mice
could not be attributed to the higher levels of IL-10 present in

these mice after agonist treatment. The WIN 55212-2- and HU-
210-mediated changes in the responsiveness of mice to LPS were
antagonized by SR141716A [N-(piperdin-1-yl)-5-(4-chloropheny)-
1-(2,4-dichloropheny)-4-methyl-1H-pyrazole-3-carboxamide hy-
drochloride], a selective CB1 receptor antagonist, but not by
SR144528 {N-[(1S)-endo-1,3,3-trimethylbicyclo[2.2.1]heptan-2-
yl]5-(4-choro-3-methylphenyl)-1-(4-methylbenzyl)pyrazole-3-
carboxamide}, a selective antagonist at the CB2 receptor. There-
fore, both CB agonists modulated LPS responses through the
CB1 receptor. Surprisingly, SR141716A itself modulated cytokine
responses in a manner identical with that of WIN 55212-2 and
HU-210 when administered alone to mice. The agonist-like effects
of SR141716A, which were more striking in unprimed than in
primed mice, suggested that the antagonist also could function as
a partial agonist at the CB1 receptor. Our findings indicate a role
for the CB1 receptor subtype in cytokine modulation by CB li-
gands.

Psychoactive cannabinoids (CBs) have a variety of phar-
macological effects that are evoked through interactions with
central or peripheral CB receptors. D9-Tetrahydrocannabinol
(D9-THC), the principal psychoactive component of mari-
juana, has been the focal point of the majority of investiga-
tions aimed at elucidating the biological properties of CB
agonists (Dewey, 1986). The central effects that occur after in
vivo exposure to D9-THC include euphoria, hypokinesia, hy-
pothermia, antinociception, and catalepsy. Such effects are
thought to be mediated via a CB receptor subtype that has
been designated as CB1 and is regionally distributed in brain
tissue (Herkenham et al., 1990). CB1 receptors are present at
high densities in the forebrain and cerebellum consistent

with the observed effects of CBs on cognition and movement.
Several CB agonists that mimic the central effects of D9-THC
(cannabimimetic compounds) have been developed and in-
clude CP 55940, a bicyclic analog of D9-THC (Johnson and
Melvin, 1986) and WIN 55212-2 {(R)-(1)-[2,3-dihydro-5-
methyl-3-[(4-morpholinyl)methyl]pyrrolo[1,2,3-de]1,4-benzo-
xazin-6-yl](1-naphthyl)methanone}, an aminoalkylindole
(Martin et al. 1991; Pacheo et al., 1991).

One of the major advances in CB research has been the
development of a potent and selective antagonist of the CB1
receptor, SR 141716A [N-(piperdin-1-yl)-5-(4-chloropheny)-1-
(2,4-dichloropheny)-4-methyl-1H-pyrazole-3-carboxamide
hydrochloride]. This compound was found to block the hypo-
kinetic, hypothermic, cataleptic, and antinociceptive effects
of D9-THC and WIN 55212-2 in mice and rats (Rinaldi-Received for publication October 5, 1999.
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hexan-1-ol}; WIN 55212-2, (R)-(1)-[2,3-dihydro-5-methyl-3-[(4-morpholinyl)methyl]pyrrolo[1,2,3-de]1,4-benzoxazin-6-yl](1-naphthyl)methanone;
SR141716A, N-(piperdin-1-yl)-5-(4-chloropheny)-1-(2,4-dichloropheny)-4-methyl-1H-pyrazole-3-carboxamide hydrochloride; CNS, central nervous sys-
tem; GPCR, G protein-coupled receptor; SR144528, N-[(1S)-endo-1,3,3-trimethylbicyclo[2.2.1]heptan-2-yl]5-(4-choro-3-methylphenyl)-1-(4-methylben-
zyl)pyrazole-3-carboxamide; LPS, lipopolysaccharide; HU-210, (2)-11-hydroxy-D8 tetrahydrocannabinol-dimethylheptyl; TNF-a, tumor necrosis fac-
tor-a; IL, interleukin; HU-211, [(1)-(3S,4S)-7-hydroxy D6-tetrahydrocannabinol-1,1-dimethylheptyl].
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Carmona et al., 1994, 1995; Compton et al., 1996; Reche et
al., 1996). In addition, studies with SR141716A have pro-
vided evidence for the presence of CB1 receptors in periph-
eral tissues as well as in the central nervous system (CNS).
The existence of functional CB1 receptors in peripheral tis-
sues has been most convincingly demonstrated in a rat hem-
orrhagic shock model in which anandamide, an endogenous
CB agonist, was found to elicit a hypotensive response when
administered exogenously to urethane-anesthetized rats
(Wagner et al., 1997). The hypotension caused by endogenous
and exogenous anandamide could be blocked by SR141716A,
indicating the involvement of the CB1 receptor subtype in
the response (Varga et al., 1995; Lake et al., 1997). Macro-
phages from hypotensive rats were shown to be cellular
sources of endogenous anandamide, and capable of transfer-
ring the hypotensive response into normotensive recipients.
The successful transfer of the hypotensive response appeared
to require the presence of activated CB1 receptors in the
peripheral tissues of the normotensive recipients because the
cells did not transfer hypotension into recipients that had
been treated with SR141716A (Wagner et al., 1997).

It is the CB2 receptor subtype, however, that has been
defined as the peripheral CB receptor, primarily because
CB2 mRNA expression has been detected mainly in cells of
the immune system (Derocq et al., 1995; Galiegue et al.,
1995; Carayon et al., 1998). Like the CB1 receptor subtype,
the CB2 receptor is a member of the G protein-coupled re-
ceptor (GPCR) family and on stimulation causes inhibition of
adenylyl cyclase. A potent, selective, and orally active antag-
onist of the CB2 receptor, SR144528 {N-[(1S)-endo-1,3,3-
trimethylbicyclo[2.2.1]heptan-2-yl]5-(4-choro-3-methylphe-
nyl)-1-(4-methylbenzyl)pyrazole-3-carboxamide} was
recently identified and shown to have a 700-fold higher af-
finity for the CB2 receptor than for the CB1 receptor
(Rinaldi-Carmona et al., 1998).

In the present study, we have examined the in vivo effects of
CB receptor agonists on cytokine production after the induction
of endotoxemia in C. parvum-primed (Smith et al., 1993) and
unprimed mice. We also have used the highly selective CB
receptor antagonists SR141716A and SR144528 in an attempt
to identify the receptor subtype(s) through which CBs mediate
their modulatory effects on lipopolysaccharide (LPS)-induced
cytokines.

Experimental Procedures
Mice and Materials. Specific pathogen free BDF1 male mice, 8 to

12 weeks old (Jackson Laboratories, Bar Harbor, ME), were used in
this study. Corynebacterium parvum (Proprionibacterium acnes)
cells were obtained from the American Type Culture Collection
(Rockville, MD). LPS (Escherichia coli serotype 055:B5) was pur-
chased from Difco (Detroit, MI). WIN 55212-2 was purchased from
Research Biochemicals International (Natick, MA) and HU-210 [(2)-
11-hydroxy-D8 tetrahydrocannabinol-dimethylheptyl] from Biomol
(Plymouth Meeting, PA). SR141716A and SR144528 were synthe-
sized according to methods published by Sanofi Recherche (France).

Priming with C. parvum and Induction of Lethal Endotox-
emia in Primed and Unprimed (Normal) Mice. For priming with
C. parvum, BDF1 mice were injected i.v. with 0.5 mg of heat-sacri-
ficed cells of American Type Culture Collection strain 11827 as
previously described (Smith et al., 1996). Endotoxemia was induced
by challenging the mice with LPS (20 mg) by the i.v. route 1 week

after priming. LPS (1600 mg/mouse) was administered to unprimed
BDF1 by the i.p. route.

Drug Treatment. WIN 55212-2 and SR141716A were prepared
in a methylcellulose vehicle and HU-210 in dimethyl sulfoxide/
Tween for administration by the i.p. route. SR144528 was adminis-
tered p.o. in dimethyl sulfoxide/Tween 20. SR141716A and
SR144528 were dissolved in 1:1:18 emulphor/ethanol/saline for i.c.v.
administration into conscious mice (Haley and McCormick, 1957).

Cytokines in Sera. Enzyme-linked immunosorbent assay kits
from Genzyme (Cambridge, MA) with a sensitivity of 15 pg/ml were
used to quantify the levels of tumor necrosis factor-a (TNF-a), inter-
leukin-10 (IL-10), and IL-12 in sera from endotoxemic mice. In some
experiments, TNF-a and IL-10 levels were measured with enzyme-
linked immunosorbent assays in which monoclonal anti-TNF-a
(hamster clone TN3-19.12) and anti-IL-10 (rat clone JES5-2A5) an-
tibodies from Pharmingen (San Diego, CA) were paired with biotin-
ylated goat polyclonal antibodies from R&D Systems (Minneapolis,
MN).

Data Analysis. Data were analyzed statistically by the unpaired
t test of the Graph PAD prism statistical program. P values ,.05
were considered as statistically significant.

Results
Effects of WIN 55212-2 and HU-210 on LPS-Induced

Serum Cytokines in C. parvum-Primed and Unprimed
Mice. In the present study, WIN 55212-2 and HU-210 were
used as prototype CB agonists to determine any effects of
such compounds on cytokine production in endotoxemic mice.
In competitive-binding experiments with Chinese hamster
ovary cells stably expressing human CB1 or CB2 receptors, it
has been shown that WIN 55212-2 binds with higher affinity
to CB2 receptors than to CB1 receptors, whereas HU-210 is
more selective for the CB1 receptor (Felder et al., 1995). To
determine the effects of WIN 55212-2 on LPS-induced serum
cytokine responses, the drug was administered i.p. to C.
parvum mice 1 h before an LPS challenge. The levels of
inflammatory cytokines were measured at the time of their
maximum postchallenge levels; 1.5 h for TNF-a and 3 h for
IL-12. In addition to inflammatory cytokines, substantial
levels of anti-inflammatory IL-10 appear in the serum sub-
sequent to LPS and levels of this cytokine were measured at
1.5 h, 3 h, or at both timepoints.

When administered to C. parvum mice 1 h before LPS,
WIN 55212-2 (3.125–50 mg/kg) caused a dose-related de-
crease in the TNF-a (Fig. 1A) and IL-12 (Fig. 1B) responses.
The ED50 values (with 95% CL) were 7.5 (2.2–25.7) and 2.4
(0.14–39.8) mg/kg for the suppression of TNF-a and IL-12,
respectively. The interferon-g, IL-1, and IL-6 responses also
were reduced by this treatment (data not shown). In contrast
to the reduction in circulating inflammatory cytokines, IL-10
levels in WIN 55212-2-treated mice were elevated compared
with those of vehicle-treated control mice (Fig. 1C). There
was no change in the magnitude of the IL-10 response when
assessed at 1.5 and 3 h in mice treated with 3.1 and 12.5
mg/kg WIN 55212-2. However, the circulating levels of IL-10
increased substantially during this interval in mice given a
50-mg/kg dose of the agonist. WIN 55212-2 had similar ef-
fects on LPS-induced cytokines in unprimed mice (Fig. 2).
The drug caused a significant reduction in TNF-a (Fig. 2A)
and IL-12 (Fig. 2B) and a significant elevation in IL-10 levels
(Fig. 2C) when administered to unprimed mice at doses of
12.5 and 50 mg/kg. Circulating cytokines could not be de-
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tected in C. parvum or unprimed mice in the absence of LPS
whether they were treated with WIN 555212-2 or not. The
central effects (e.g., hypokinesis and catalepsy) that are typ-
ically seen with psychoactive CBs were observed at all dose
levels in both primed and unprimed mice shortly after treat-
ment with WIN 55212-2 and were still evident at the time of
the LPS challenge.

HU-210 is a potent CB agonist that is structurally related to
(2)-D9THC and exhibits selectivity for the CB1 receptor sub-
type over CB2 (Felder et al., 1995). When given to C. parvum
mice 1 h before LPS, HU-210 (0.1 mg/kg i.p.) produced changes
in cytokine responses that were qualitatively similar to those
caused by WIN 55212-2. As shown in Fig. 3, A and B, HU-210
caused a 55 and 87% suppression of the TNF-a (Fig. 3A) and
IL-12 (Fig. 3B) responses, respectively, and a 4- to 6-fold eleva-
tion in IL-10 (Fig. 3C). The CNS changes (hypokinesis and
catalepsy) that occurred at cytokine-modulating doses of HU-
210 also were similar to those seen in WIN 55212-2-treated
mice. However, these changes were somewhat delayed in onset

and of longer duration compared with those caused by WIN
55212-2.

Antagonism of WIN 55212-2- and HU-210-Mediated
Changes in Cytokine Responses by SR141716A.
SR141716A is a highly selective, potent, and orally active CB
antagonist that has a high affinity for the CB1 receptor (Ki 5
2 nM) and a low affinity for the CB2 receptor (Ki . 1000 nM)
(Rinaldi-Carmona et al., 1995). The drug has been shown to
antagonize the classical pharmacological responses (hypo-
thermia, antinociception, ring-immobility) elicited by CB re-
ceptor agonists, consistent with its affinity for the brain
(CB1) receptor. To determine its ability to antagonize the
modulatory effects of WIN 55212-2 and HU-210 on LPS-
induced cytokine responses, SR141716A was administered to
mice 1 h before treatment with WIN 55212-2 or HU210. The
mice were challenged with LPS 1 h after the administration
of the agonists (2 h after exposure to SR141716A). Serum
cytokine levels were determined as described above.

When administered to C. parvum mice 1 h before treat-

Fig. 1. The modulatory effects of WIN 55212-2 on LPS-induced cytokines in C. parvum-primed mice. WIN 55212-2 was administered i.p. to the mice
1 h before challenge with LPS. The circulating levels of TNF-a (A) and IL-12 (B) were measured 1.5 and 3 h after the LPS challenge, respectively. IL-10
levels (C) were measured at both timepoints. The values shown are the mean 6 S.E. of six mice per group. The numbers in parentheses indicate the
percentage of inhibition of TNF-a and IL-12 and the fold increase in IL-10 compared with the responses of vehicle (methylcellulose)-treated control
mice. The results shown for this experiment are typical of those obtained in four separate experiments. Significantly different from the response of
mice treated with vehicle, *P , .01.
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ment with WIN 55212-2 (3.1, 12.5, or 50 mg/kg i.p.),
SR141716A (25 and 100 mg/kg i.p.) was found to block com-
pletely the central effects evoked by the agonist (data not
shown). The SR141716A-treated animals did not exhibit hy-
pokinesis or catalepsy up to 4 h after treatment with WIN
55212-2. When the mice were given a lower dose (6.3 mg/kg)
of SR141716A before the WIN 55212-2 treatment, the antag-
onist was only effective in preventing the CNS effects caused
by the 3.1-mg/kg dose of the agonist. CNS changes were
clearly evident although relatively mild in mice given a 6.3-
mg/kg dose of the antagonist followed by 12.5- and 50-mg/kg
doses of the agonist.

In parallel with its antagonism of the WIN 55212-2-medi-
ated CNS effects, SR141716A was found to prevent the ago-
nist-induced changes in LPS-induced cytokine responses.
Surprisingly however, when administered alone to C. par-
vum mice before LPS, the antagonist itself caused slight but
statistically significant changes in the cytokine responses.
Thus, in the experiment shown in Fig. 4, the antagonist
inhibited the TNF-a response by 36 and 38% (Fig. 4A) and
caused a 1.7- and 5.6-fold increase in the IL-10 response (Fig.
4B) at doses of 25 and 100 mg/kg, respectively. Despite these
agonist-like effects on cytokine responses, it was still possible

to detect the antagonistic activity of SR141716A on cytokine
modulation by WIN 55212-2. As shown in Fig. 5, there was a
37% reduction in the TNF-a response when SR141716A (100
mg/kg i.p.) was given alone to C. parvum mice 2 h before LPS
(Fig. 5A). This response was decreased by 56, 63, and 94%,
respectively, when WIN 55212-2 was administered alone to
mice at doses of 3.125, 12.5, and 50 mg/kg (Fig. 5B). The
magnitude of the inhibited TNF-a response in mice treated
with both antagonist and agonist (Fig. 5C) never exceeded
that obtained in mice treated with the antagonist alone (Fig.
5A). Thus, the CB1 antagonist was able to block completely
the suppressive effects of WIN 55212-2 on LPS-induced
TNF-a. Similarly, the antagonism by SR141716A on the WIN
55212-2-mediated increase in circulating IL-10 also was ev-
ident, despite the ability of the antagonist itself to cause
increases in the levels of this cytokine. As shown in Fig. 5D,
SR141716A caused a 4.6-fold elevation in the IL-10 response
when administered alone to mice. Treatment with WIN
55212-2 alone at doses of 3.1, 12.5, and 50 mg/kg resulted in
1.4-, 16.5-, and 39.7-fold increases in IL-10, respectively (Fig.
5E). The increases were 3.9-, 6.3-, and 7.2-fold in mice given
both the antagonist and agonist (Fig. 5F), indicating strong
antagonism by the CB1 selective antagonist of the WIN

Fig. 2. The reduction in circulating TNF-a (A) and IL-12 (B) and elevation in circulating IL-10 (C) in unprimed (normal) BDF1 mice treated with WIN
55212-2, 1 h before challenge with LPS. The values shown are the mean 6 S.E. of six mice per group. Significantly different from mice treated with
vehicle, *P , .01.
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55212-2-mediated enhancement in IL-10. SR 141716A also
was found to exhibit a similar antagonistic activity toward
cytokine modulation by HU-210 (data not shown). The ability
of SR141716A to antagonize cytokine modulation caused by
WIN 55212-2 and HU-210 strongly suggests that such effects
of the CB agonists occur through interactions with the CB1
receptor.

Further evidence for the involvement of the CB1 receptor
subtype in the pharmacological actions of WIN 55212-2 on
LPS-induced cytokine responses is shown in Fig. 6. In this
experiment, SR141716A was administered to mice at a dose
of 6.3 mg/kg 1 h before treatment with WIN 55212-2. As
described above, this dose of the antagonist was only par-
tially effective in blocking the central effects of WIN 55212-2
when the agonist was administered to mice at a dose of 12.5
mg/kg. Partial antagonism of cytokine modulation also was
observed when the 6.3-mg/kg dose of SR141716A was given
to mice before treatment with WIN 55212-2. In the experi-
ment shown in Fig. 6B, WIN 55212-2 alone reduced the
TNF-a levels by 39, 75, and 87% when administered to the
mice at doses of 3.1, 12.5, and 50 mg/kg, respectively. These

same doses of WIN 55212-2 decreased TNF-a by 21, 43, and
67%, respectively, in mice that were given SR141716A before
the agonist (Fig. 6C). The decrease in TNF-a inhibition from
39% in mice treated with the agonist alone to 21% after
treatment with both antagonist and agonist represented
complete (100%) antagonism because this level of inhibition
(22%) also was observed in mice that only received the an-
tagonist (Fig. 6A). Therefore, at an agonist/antagonist dose
ratio of 1:2, there was no inhibition of TNF-a by WIN
55212-2. As the dose of the agonist was increased relative to
that of the antagonist (agonist/antagonist ratios of 2:1 and
8:1), the antagonism by SR141716A became diminished, but
its activity was never reversed completely by the agonist
treatment. The antagonism by SR141716A of the WIN
55212-2-mediated elevation in IL-10 was similarly affected
by increasing doses of the agonist. As shown in Fig. 6E, WIN
55212-2 caused a 7.6- and 26-fold enhancement of the LPS-
induced IL-10 response when administered alone to mice at
doses of 12.5 and 50 mg/kg, respectively. The antagonist
blocked completely the enhancement caused by the 12.5-
mg/kg dose of agonist, but only exhibited a partial antago-

Fig. 3. The modulatory effects of HU-210 on LPS-induced serum TNF-a (A), IL-12 (B), and IL-10 (C) in C. parvum-primed mice. HU-210 was
administered i.p. to the mice 1 h before challenge with LPS. Data were pooled from two identical experiments and the values shown are the mean 6
S.E. of 12 mice per group. Significantly different from mice treated with vehicle, **P , .05 and *P, .01.
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nism of the increase caused by the 50-mg/kg dose. (Fig. 6F).
Thus, the antagonistic activity of this lower dose of
SR141716A on the WIN 55212-2 inhibited TNF-a and ele-
vated IL-10 responses could be diminished by increasing the
dose of agonist relative to that of the antagonist. These re-
sults give further support to the hypothesis that cytokine
modulation by CB agonists occurs through interactions with
the CB1 receptor.

Direct Effects of SR141716A on Cytokine Responses
in Unprimed (Normal) Mice. The LPS-induced TNF-a re-
sponse in unprimed mice is considerably weaker than that in
C. parvum mice and SR141716A itself was found to have a
strong modulating effect on this response in unprimed mice.
As shown in Fig. 7A, SR141716A inhibited the TNF-a re-
sponse by 50% or more when administered alone to unprimed
mice at doses of 6.25 to 100 mg/kg. The antagonist also
caused a significant elevation in the IL-10 response at a dose
of 25 mg/kg (Fig. 7B). Thus, in unprimed mice, the CB1

antagonist had relatively strong agonist-like effects on LPS-
induced cytokines, resembling WIN 55212-2 and HU-210 in
its actions on these responses. The cytokine-modulating ef-
fects of SR141716A in unprimed mice provided more defini-
tive evidence for the ability of the CB1 receptor antagonist to
exhibit partial agonism at the CB1 receptor. In fact, this
relatively strong partial agonism exhibited by SR141716A
precluded an investigation of its ability to antagonize cyto-
kine modulation by WIN 55212-2 and HU-210 in unprimed
mice.

Failure of CB2 Selective Antagonist SR144528 to
Block Cytokine Modulation by WIN 55212-2. As indi-
cated above, published data have suggested that WIN
55212-2 is 19-fold more selective for the CB2 receptor than
for the CB1 receptor. Therefore, SR144528 a potent, selec-
tive, and orally active antagonist for the CB2 receptor was
used to determine any contribution of the CB2 receptor
subtype to the modulatory effects that had been observed

Fig. 4. The modulatory effects
of the CB1 selective antagonist
SR141716A on LPS-induced se-
rum TNF-a (A) and IL-10 (B) in
C. parvum-primed mice. Serum
TNF-a and IL-10 were mea-
sured 1.5 and 3 h after the
LPS challenge, respectively.
SR141716A was administered
to mice by the i.p. route 2 h
before challenge with LPS. The
values shown represent the
mean 6 S.E. of six mice per
group. Significantly different
from mice treated with vehicle,
**P , .05 and *P , .01.
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with WIN 55212-2 on LPS-induced serum cytokines.
SR144528 inhibits the binding of the bispecific CB agonist
CP 55940 to mouse spleen (CB2 receptor) with an oral
ED50 of 0.35 mg/kg and does not inhibit the binding of CP

55940 to mouse brain (CB1 receptor) at doses up to 10
mg/kg (Rinaldi-Carmona et al., 1998). In the experiment
shown in Fig. 8, SR144528 (10 mg/kg) was administered
orally to C. parvum mice 1 h before treatment with WIN

Fig. 5. Antagonism of WIN 55212-2-modulated cytokine responses in C. parvum mice by the CB1 antagonist SR141716A. Mice were treated i.p. with
WIN 55212-2 at doses of 3.125, 12.5, or 50 mg/kg 1 h before LPS. SR141716A was administered to mice at a dose of 100 mg/kg 2 h before LPS (1 h
before WIN 55212-2). Serum TNF-a and IL-10 were measured 1.5 and 3 h after the LPS challenge, respectively. The TNF-a and IL-10 responses in
mice treated with SR141716A alone are shown in A and D, in mice treated with WIN 55212-2 alone in B and E, and in mice treated with SR141716A
1 WIN 55212-2 in C and F. The values shown represent the mean 6 S.E. of six mice per group. Significantly different from mice treated with vehicle,
*P , .01. Significantly different from the response in mice treated with WIN 55212-2 alone, 1P , .01.
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55212-2 (50 mg/kg) and 2 h before an LPS challenge. There
was no evidence of antagonism by SR144528 of the WIN
55212-2-inhibited TNF-a (Fig. 8A) or WIN 55212-2-ele-
vated IL-10 (Fig. 8B) responses. Therefore, the results

obtained with the selective CB1 and CB2 receptor antag-
onists clearly indicated that cytokine modulation by WIN
55212-2 occurred through CB1 despite its demonstrated
selectivity for CB2 in in vitro studies (Felder et al., 1995).

Fig. 6. Ability of WIN 55212-2 to reverse the antagonism by a low dose of SR141716A (6.3 mg/kg) of its modulatory effects on LPS-induced cytokines.
SR141716A was administered to the mice at a dose of 6.25 mg/kg 2 h before LPS (1 h before WIN 55212-2). The doses of WIN 55212-2 were 3.125, 12.5,
or 50 mg/kg. Serum TNF-a and IL-10 were measured 1.5 and 3 h after the LPS challenge, respectively. The TNF-a and IL-10 responses in mice treated
with SR141716A alone are shown in A and D, in mice treated with WIN 55212-2 alone in B and E, and in mice treated with SR141716A 1 WIN 55212-2
in C and F. Values represent the mean 6 S.E. of six mice per group. Significantly different from the responses in mice treated with vehicle, **P , .05
and *P , .01. Significantly different from the response caused by the same dose of WIN 55212-2 alone, 11P , .05 and 1P , .01.
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As expected from its failure to antagonize cytokine modu-
lation by WIN 55212-2, SR144528 also was found to have
no effect on cytokine modulation by HU-210 (data not
shown).

Effects of Centrally Administered SR141716A on
LPS-Induced Cytokines in C. parvum Mice. In the pre-
vious experiments, CB receptor agonists and antagonists
were administered systemically to mice by the i.p. route. The
CB1 receptors that appear to be involved in the cytokine
modulation by CB agents have been detected in some periph-
eral tissues as well as in the CNS. Therefore, it was of
interest to determine whether cytokine modulation by sys-
temically administered CBs occurred through interactions
with peripheral or central CB1 receptors. When injected
alone by the i.c.v. route, SR141716A (100 mg) caused a mod-
est reduction (36%) in the LPS-induced serum TNF-a re-
sponse (Fig. 9A) as was observed when the drug was admin-

istered alone to C. parvum mice by the i.p. route. The
response was reduced by 49 and 83% in mice treated with
12.5 and 50 mg/kg WIN 55212-2 (Fig. 9B). The dose-related
suppression of TNF-a caused by i.p. treatment with WIN
55212-2 (Fig. 9B) was partially antagonized by centrally ad-
ministered SR141716A as evidenced by a decrease in the
level of inhibition (29 and 60%) in antagonist-treated mice
(Fig. 9C). The elevation in IL-10 caused by the WIN 55212-2
treatment (Fig. 9E) was blocked by central SR141716A (Fig.
9F). Although central SR141716A did not prevent the CNS
changes caused by WIN 55212-2, the symptoms were not
nearly as severe as in mice that only received the agonist.
SR141716A also antagonized cytokine modulation by HU-
210 when administered centrally to C. parvum mice (Fig. 10).
There was complete antagonism of both the inhibition of
TNF-a (Fig. 10, B and C) and the enhancement of serum
IL-10 (Fig. 10, E and F) by HU-210. The CNS effects pro-

Fig. 7. The modulatory effects
of SR141716A on the LPS-in-
duced TNF-a (A) and IL-10 (B)
responses in unprimed mice.
SR141716A was administered
to mice by the i.p. route 2 h be-
fore LPS. Serum TNF-a and
IL-10 were measured 1.5 and
3 h after the LPS challenge, re-
spectively. The values repre-
sent the mean 6 S.E. of six mice
per group. Significantly differ-
ent from the responses in mice
treated with vehicle, **P , .05
and *P , .01.
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duced by the 0.05-mg/kg dose of HU-210 were blocked com-
pletely by central SR141716A, but there was only a delay in
the appearance of the more severe CNS symptoms evoked by
higher doses of the agonist.

Effects of WIN 55212-2 and HU-210 on LPS Lethal-
ity. HU-210 (0.4 mg/kg i.p.; Fig. 11, A and B) and WIN
55212-2 (12.5 and 50 mg/kg i.p.; Fig. 11, C and D) protected
C. parvum mice (but not unprimed mice) from the lethal
effects of LPS. It was possible that the protection afforded
to primed mice by these agonists reflected the higher levels
of anti-inflammatory IL-10 that were produced by C. par-
vum mice after agonist treatment. To explore this possi-
bility, the mice were injected with an anti-IL-10 monoclo-
nal antibody 24 h before treatment with WIN 55212-2 or
HU-210 and challenge with LPS. The anti-IL-10 monoclo-
nal antibody had no effect on the rate of survival of ago-
nist-treated mice, indicating that IL-10 was not solely
responsible for the protection afforded to mice by the CB
agonists (data not shown).

Discussion

LPS-stimulated cytokine production in mouse models of
endotoxemia provides a convenient system in which to eval-
uate drugs that have the ability to modulate the complex
network of cytokines that is involved in inflammation and
immunity. The prototypical CB agonist D9-THC has been
studied extensively for its modulatory effects on cytokine
production in vitro, but until recently there was little infor-
mation relative to its effects on cytokine responses in vivo
(Klein et al., 1995; Berdyshev et al., 1998). In a recent pub-
lication, D9-THC and WIN 55212-2 were investigated for
their effects on LPS-induced bronchopulmonary inflamma-
tion in mice (Berdyshev et al., 1998). Both drugs were found
to cause a dose-related decrease in TNF-a levels in bron-
choalveolar lavage fluids, an effect that was accompanied by
a moderate reduction in neutrophil recruitment. Whether
these effects resulted from the specific activation of CB2 or
CB1 receptors was not determined.

Fig. 8. WIN 55212-2-mediated
modulation of LPS-induced
TNF-a (A) and IL-10 (B) in C.
parvum-primed mice pre-
treated with the CB2 antago-
nist SR144528. SR 144528 (10
mg/kg) was administered orally
to the mice 1 h before treatment
with WIN 55212-2 (50 mg/kg)
and 2 h before the LPS chal-
lenge. Serum TNF-a and IL-10
were measured 1.5 and 3 h af-
ter the LPS challenge, respec-
tively. Data were pooled from
three individual experiments
and the values represent the
mean 6 S.E. of 18 mice per
group. Significantly different
from the response in mice
treated with vehicle, *P , .01.
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The results of the present study clearly indicate that LPS-
induced cytokines in C. parvum-primed and unprimed mice
can be modulated by CB agonists through activation of the
CB1 receptor. The decreases in serum TNF-a and IL-12 as

well as the increase in serum IL-10 that occurred in agonist-
treated mice could be blocked by SR141716A, a highly selec-
tive CB1 receptor antagonist, but not by SR144528, a highly
selective CB2 receptor antagonist. Thus, the results of our

Fig. 9. Antagonism of WIN 55212-2-modulated cytokine responses in C. parvum mice pretreated centrally with the CB1 antagonist SR141716A (100
mg i.c.v). WIN 55212-2 (12.5 and 50 mg/kg) was administered to mice by the i.p. route 1 h after treatment with SR141716A and 1 h before LPS. The
TNF-a and IL-10 responses in mice treated with SR141716A alone are shown in A and D, in mice treated with WIN 55212-2 alone in B and E, and
in mice treated with SR141716A 1 WIN 55212-2 in C and F. The values shown represent the mean 6 S.E. of six mice per group. Significantly different
from mice treated with vehicle, **P , .05 and *P , .01. Significantly different from mice treated with WIN 55212-2 alone, 11P , .05 and 1P , .01.
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studies on cytokine modulation by CB agonists in mouse
endotoxemia strongly suggest that such effects occur through
interactions with the CB1 receptor. To our knowledge, this is
the first indication of a role for the CB1 receptor in cytokine
modulation by CB receptor agonists.

Assuming a role for the CB1 receptor subtype in cytokine
modulation by CB agonists in endotoxemic mice, such ef-
fects could occur through central CB1 receptors, through
CB1 receptors present in peripheral tissues, or through
both central and peripheral receptors. That anti-inflam-

Fig. 10. Antagonism of HU-210-modulated cytokine responses in C. parvum mice pretreated centrally with the CB1 antagonist SR141716A (100 mg
i.c.v). HU-210 (0.05 and 0.1 mg/kg) was administered to mice by the i.p. route 1 h after treatment with SR141716A and 1 h before LPS. The TNF-a
and IL-10 responses in mice treated with SR141716A alone are shown in A and D, in mice treated with HU-210 alone in B and E, and in mice treated
with SR141716A 1 HU-210 in C and F. The values shown represent the mean 6 S.E. of six mice per group. Significantly different from mice treated
with vehicle, *P , .01. Significantly different from mice treated with WIN 55212-2 alone, 11P , .05 and 1P , .0.01.
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matory effects can evolve from the interaction of CB ago-
nists with peripheral CB1 receptors was shown in a recent
study where peripheral, but not systemic anandamide was
found to inhibit carrageenan-induced paw edema in rats
(Richardson et al., 1998). Although we cannot formally
exclude a role for peripheral CB1 receptors in cytokine
modulation by WIN 55212-2 and HU-210, the following
observations suggest the likely involvement of the central
CB1 receptor. First, the agonist-induced changes in cyto-
kine production were generally accompanied by central
effects such as catalepsy and hypokinesis, indicating that
doses of the drugs that modulate cytokine responses are
similar to those that produce changes in the CNS. Second,
there was a similar level of antagonism of both the cyto-
kine modulatory and CNS effects of WIN 55212-2 and
HU-210 when mice were given SR141716A before the ago-
nists. Thus, when the CNS changes caused by the CB
agonists were only partially antagonized by SR141716A,
there was also partial antagonism of their modulatory
effects on cytokine responses. Similarly, when SR141716A
was found to completely antagonize the CNS changes
caused by the CB agonists, there was complete antagonism

of agonist-modulated cytokine responses as well. Third,
the antagonistic activity of a relatively low dose of
SR141716A toward both the behavioral changes and cyto-
kine modulation caused by CB agonist treatment could be
reversed by increasing the dose of agonist relative to that
of the antagonist. These latter observations suggest that
the effects of the CB agonists and the selective CB1 recep-
tor antagonist occur through interactions with the same
receptor subtype. Fourth, cytokine modulation also is ob-
served when CB agonists are administered centrally to
mice at doses that are inactive when given by the i.p. route
(data not shown). Together, these observations would seem
to support the contention that central CB1 receptors are
involved in cytokine modulation by CB agonists. However,
the possibility still remains that although the CNS
changes are evoked through the central CB1 receptor,
cytokine modulation by CB agonists may occur through
central, peripheral, or both central and peripheral CB1
receptors.

As shown herein with WIN 55212-2 and HU-210, HU-211,
the nonpsychotropic stereoisomer of HU-210, also was re-
ported to down-regulate TNF-a levels in mice undergoing

Fig. 11. LPS lethality in mice treated with HU-210 (A and B) and WIN 55212-2 (C and D). The CB agonists were administered to mice by the i.p. route
1 h before LPS and lethality monitored over a 5-day interval. A and C, C. parvum-primed mice; B and D, unprimed mice.
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septic shock (Gallily et al., 1997). However, in that study,
there was no indication of the CB receptor subtype that
might be involved in cytokine modulation by the agonist.
Given the structural similarities between HU-210 and HU-
211, there is a distinct possibility that the effects seen with
HU-211 also may have occurred through interactions with
the CB1 receptor.

The mechanism by which CB agonists produce their mod-
ulatory effects on LPS-induced cytokines is unclear. The po-
tential role of glucocorticoids as proximal mediators of these
effects was examined by Gallily et al. (1997) in their studies
with HU-211 in endotoxemic mice and rats. They observed no
increase by HU-211 in the levels of corticosterone that were
produced when rats were given an LPS challenge. Similarly,
we have been unable to detect increases in serum corticoste-
rone levels in mice treated with WIN 55212-2 and HU-210
(S.R.S., C.T., and G.D., unpublished data). Furthermore,
when steroids are administered exogenously to mice before
LPS, there is either no change or a slight diminution in the
LPS-induced IL-10 response. This is in contrast to the aug-
mented IL-10 response that is seen after treatment with CB
agonists. Thus, endogenously produced glucocorticoids would
appear to have no role in the cytokine modulatory effects of
CB agonists.

An unexpected finding in the present study was the ability
of SR141716A itself to modulate LPS-induced cytokine re-
sponses. Its effects on inflammatory cytokine responses and
anti-inflammatory IL-10 were qualitatively similar to those
of the CB agonists WIN 55212-2 and HU-210. Therefore, at a
functional level, SR141716A appeared to be a partial agonist
of LPS-induced cytokine responses in both C. parvum-primed
and unprimed mice. The CB1 selective antagonist exhibited
partial agonism when administered to mice alone at doses
that were found to completely antagonize the cytokine mod-
ulatory activities of WIN 55212-2 and HU-210. The phenom-
enon of partial agonism, which is exhibited by some antago-
nists at GPCRs, is less well understood than the phenomenon
of inverse agonism that is being observed with increasing
frequency. In fact, SR141716A has been reported to exhibit
inverse agonism in vitro in increasing the twitch contraction
amplitude in the mouse-field-stimulated bladder and guinea
pig mesenteric plexus-longitudinal muscle, and in vivo in
causing hyperalgesia in a mouse model of thermal pain (Per-
twee et al., 1996; Pertwee and Fernando, 1996; Richardson et
al., 1997). According to present dogma, an equilibrium exists
between active and ground (inactive) states of GPCRs. In-
verse agonists are thought to drive the conformation of
GPCRs toward the inactive or ground state, whereas full
agonists have the opposite effect. The similarities in the
modulatory effects of SR141716A and the CB agonists WIN
55212-2 and HU-210 on LPS-induced cytokine responses sug-
gest that both types of ligands have the ability to drive the
CB receptor toward a more activated state. Therefore, cyto-
kine modulation by SR141716A appears to be a result of
partial agonism rather than inverse agonism at the CB1
receptor.

We do not believe that agonists at the CB1 receptor can be
easily developed as anti-inflammatory or immunomodulatory
drugs not only because of their central effects but also be-
cause they are likely to cause hypotension even in normoten-
sive individuals through interactions with peripheral CB1
receptors. However, the results presented herein raise the

possibility of discovering novel CB1 antagonists that are
more potent than SR141716A in exhibiting partial agonism
of cytokine reponses when bound to the CB1 receptor. Theo-
retically, such antagonists should largely be devoid of the
central effects exhibited by agonists interacting with the
brain CB1 receptor and indeed could have utility as anti-
inflammatory and/or immunodulatory drugs. Our studies
further suggest that until a dominant role for the CB2 recep-
tor subtype in immune modulation by CBs can be convinc-
ingly demonstrated in vivo, it would be prudent to consider
the potential involvement of the CB1 receptor in any phar-
macological effect that is seen with CB agonists in peripheral
tissues and organs.
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