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nist (FK888) significantly reduced ovalbumin-induced ex-
travasation of Evans blue dye. Pretreatment with the combi-
nation of WIN 55,212-2 and FK888 reduced antigen-induced 
plasma extravasation more markedly than FK888 alone. 
 Conclusions:  These findings suggest that WIN 55,212-2 in-
hibits C-fiber activation via the cannabinoid CB2 receptor 
and thus suppresses antigen-induced inflammation in guin-
ea pig airways.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Several previous studies have shown that neurogenic 
inflammation of the airways plays an important role in 
the pathogenesis of asthma  [1, 2] . In studies using tachy-
kinin antagonists, Murai et al.  [3, 4]  have directly dem-
onstrated that airway inflammation is generated by 
tachykinins released from capsaicin-sensitive afferent 
sensory nerve fibers (C-fibers), which are stimulated by 
various irritants such as cigarette smoke  [5] , antigens  [6, 
7] , cold air  [7, 8] , hypertonic saline  [9]  and hydrochloric 
acid  [10] . These irritants activate C-fibers by opening 
nonselective cation channels with a high Ca 2+  permeabil-
ity  [11] . Morimoto et al.  [12]  showed that  � -conotoxin 
GVIA blocks the activation of C-fibers and the release of 
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 Abstract 

  Background:  Although neurogenic inflammation of the air-
ways via activation of C-fibers is thought to be important in 
the pathogenesis of asthma, the mechanisms regulating C-
fiber activity remain uncertain.  Objective:  The influence of 
a cannabinoid receptor agonist, WIN 55,212-2, on C-fiber ac-
tivation in guinea pig airways was investigated, as was the 
mechanism by which cannabinoids regulate antigen-in-
duced airway inflammation.  Methods:  The inhibitory effect 
of WIN 55,212-2 on antigen-induced plasma extravasation 
was assessed in guinea pig tracheal tissues by photometric 
measurement of extravasated Evans blue dye after extrac-
tion with formamide.  Results:  Pretreatment with WIN 55,212-
2 (0.001, 0.01 or 0.1 mg/kg) significantly and dose-depend-
ently reduced tracheal plasma extravasation induced by in-
haling a 5% ovalbumin solution for 2 min after pretreat-
ment with a neutral endopeptidedase inhibitor (phosphor-
amidon at 2.5 mg/kg i.v.). A cannabinoid CB2 receptor 
antagonist (SR144528) blunted the inhibitory effect of WIN 
55,212-2, while a cannabinoid CB1 antagonist (SR141716A) 
did not. Pretreatment with a neurokinin-1 receptor antago-
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substance P from their endings, and they suggested that 
opening of N-type voltage-dependent Ca 2+  channels 
might activate C-fibers in guinea pig airway tissues.

  Cannabinoids are psychoactive compounds with a 
wide array of effects, including hypothermia, depressed 
motor activity, hypotension, inhibition of intestinal mo-
tility and antinociception  [13] . The biological effects of 
cannabinoids are mediated by two specific cell surface 
receptors (CB1 and CB2) in the central nervous system 
and peripheral tissues  [14–16] . Over the last 10 years, 
much evidence has been accumulated favoring the con-
cept that cannabinoids are endogenous modulators of 
neuronal activity in several tissues  [17, 18] . Cannabinoid 
receptor agonists have been shown to inhibit the activa-
tion of Ca 2+  channels  [19, 20] . 

  In our previous studies, we have demonstrated that a 
synthetic cannabinoid receptor agonist (WIN 55,212-2) 
inhibits the activation of C-fibers and the release of neu-
ropeptides from their endings via the opening of maxi-K +  
channels by activation of CB2 receptors in vitro  [21]  and 
in vivo  [22–24] . Immunohistochemistry has shown that 
another   cannabinoid receptor agonist (CP55, 940) pre-
vents antigen-induced inflammation by the activation of 
inflammatory cells, such as mast cells and eosinophils, in 
guinea pig lung tissues  [25] . Therefore, WIN 55,212-2 
may be useful for the treatment of airway inflammatory 
diseases such as asthma. In the present study, we investi-
gated whether WIN 55,212-2 could inhibit antigen-in-
duced airway inflammation in guinea pigs.

  Materials and Methods 

 Experimental Animals 
 Male Hartley guinea pigs (SLC, Shizuoka, Japan) weighing 

300–500 g at the time of purchase were used in this study. They 
were housed in a temperature- and humidity-controlled environ-
ment with free access to standard laboratory food and water.

  Sensitization 
 Animals were sensitized according to a previously reported 

protocol  [26–28]  that involved the injection of 70 mg of ovalbu-
min (grade V) in 1.5 ml of 0.9% NaCl intraperitoneally twice, with 
a 1-week interval between injections. The animals were studied 2 
weeks after the second injection.

  Experimental Design 
 On the day of the experiment, the guinea pigs (300–500 g) 

were anesthetized with sodium pentobarbital (50 mg/kg intra-
peritoneally). Then a midline cervical incision was made to ex-
pose the larynx and upper trachea. The trachea was incised im-
mediately below the larynx, and a cannula was inserted into the 
trachea to a depth of 4 mm. Each animal was ventilated at a fre-

quency of 70 breaths/min with a tidal volume of 6 ml  [29]  using a 
constant volume ventilator (Rodent Ventilator Model 683; Har-
vard Apparatus, Millis, Mass., USA). The neutral endopeptidase 
inhibitor phosphoramidon (2.5 mg/kg i.v.) dissolved in 0.9% NaCl 
 [30]  was injected into the jugular vein over a 10-second period at 
5 min before the inhalation of ovalbumin. Evans blue dye (a 3% 
solution in 0.9% NaCl) was used to measure the plasma extravasa-
tion. Immediately after injection of the dye (30 mg/kg i.v. over
5 s) into the jugular vein, ovalbumin was delivered to the animals 
for 2 min as a 5% aerosol via the tracheal cannula using an ultra-
sonic nebulizer (Pulmo-sonic model 25; DeVilbiss Co., Somerset, 
Pa., USA; aerosol rate: 0.2 ml/min). The vehicle for ovalbumin was 
0.9% NaCl. WIN 55,212-2 (0.001, 0.01 or 0.1 mg/kg i.v.), the neu-
rokinin-1 (NK-1) receptor antagonist FK888 (1.0 mg/kg i.v.) or the 
vehicle was injected at 5 min before exposure to ovalbumin. A 
combination of WIN 55,212-2 and a cannabinoid receptor an-
tagonist (SR141716A at 0.1 mg/kg i.v. or SR144528 at 0.1 mg/kg
i.v.), FK888 (1.0 mg/kg i.v.) or vehicle was also given 10 min before 
exposure. WIN 55,212-2, SR141716A, SR144528 and FK888 were 
dissolved in dimethyl sulfoxide (DMSO). The chest was opened 
at 10 min after injection of the dye, a cannula was inserted into 
the ascending aorta through the left ventricle and the animal was 
perfused for 3 min with 10 m M  phosphate buffer (pH 5) at a pres-
sure of 120 mm Hg. The trachea was then removed, opened lon-
gitudinally along the ventral midline, blotted on absorbent paper 
and weighed. Tracheal tissue was incubated in 3 ml of formamide 
at 50   °   C for 18 h to extract the extravasated Evans blue dye  [31] . 
Results were compared with those obtained from animals with-
out WIN 55,212-2 treatment.

  Measurement of Plasma Extravasation 
 Extravasation of the dye-labeled macromolecules was assessed 

by measuring the optical density of the formamide extracts at a 
wavelength of 620 nm with a spectrophotometer (model 220A; 
Hitachi, Japan). The amount of dye was expressed as nanogram 
per milligram of tissue wet weight, and was derived from a stan-
dard curve of Evans blue dye concentrations.

  Drugs 
 (R)-(+)-[2,3-dihydro-5-methyl-3-[(4-merpholino)methyl]

pyrrolo-[1,2,3- de ]-1,4-benzoxazin-6-yl](1-naphthyl)metha-
none (WIN 55,212-2), ovalbumin, Evans blue dye and DMSO 
were obtained from Sigma Chemical Co. (St. Louis, Mo., USA). 
[N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-1H-pyrazole-3-carboxamidehydrochloride] (SR141716A) 
and {N-[(1S)-endo-1,3,3-trimethylbicyclo[2.2.1] heptan-2-yl]-5-
(4-chloro-3-methylphenyl)-1-(4-methyl benzyl)pyrazole-3-car-
boxamide} (SR144528) were kindly supplied by Sanofi-Synthela-
bo Recherche (Montpellier, France). (N 2 -[(4R)-4-hydroxy-1-(1-
methyl-1H-indol-3-yl)carbonyl-l-prolyl]-N-methyl-N-phenylmethyl-3-
(2-naphthyl)-l-alaninamide) (FK888) was kindly supplied by 
Astellas Pharma Inc. (Tokyo, Japan).

  Statistical Analysis 
 Results are expressed as the mean  8  SEM. Statistical analysis 

was performed by using the Tukey-Kramer multiple comparison 
test. In all analyses, a p value of less than 0.05 was considered sig-
nificant.
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  Results 

 Effect of WIN 55,212-2 on Plasma Extravasation 
 The extravasation of Evans blue dye into the tracheal 

tissues of guinea pigs after exposure to the aerosolized 
vehicle (0.9% NaCl) for ovalbumin in the presence of 
phosphoramidon (2.5 mg/kg i.v.) amounted to 38.1  8  4.4 
ng/mg (n = 5;  fig. 1 ). Injection of the vehicle for WIN 
55,212-2 (DMSO) at 10 min before inhalation of 5% oval-
bumin for 2 min in the presence of phosphoramidon (2.5 
mg/kg i.v.) significantly increased the extravasation of 
Evans blue dye into the tracheal tissues (105.1  8  7.2 ng/
mg, n = 5;  fig. 1 ). Pretreatment with WIN 55,212-2 (0.001, 
0.01 or 0.1 mg/kg) at 10 min before aerosol ovalbumin 
challenge led to a significant and dose-dependent de-
crease in ovalbumin-induced plasma extravasation of 
dye into the tracheal tissue (97.0  8  4.4 ng/mg and 72.0 
 8  7.2 ng/mg p  !  0.05 vs. vehicle; 51.4  8  8.0 ng/mg p  !  
0.01 vs. vehicle, n = 5 each;  fig. 1 ).

   Effect of WIN 55,212-2 and a Cannabinoid Receptor 
Antagonist (SR141716A or SR144528) on Plasma 
Extravasation 
  The extravasation of Evans blue dye into the tracheal 

tissues of guinea pigs after exposure to the aerosolized 

vehicle (0.9% NaCl) for ovalbumin in the presence of 
phosphoramidon (2.5 mg/kg i.v.) amounted to 36.8  8  3.8 
ng/mg (n = 5;  fig. 2 ). Injection of the vehicle (DMSO) for 
WIN 55,212-2, SR141716A and SR144528 at 10 min before 
inhalation of 5% ovalbumin in the presence of phosphor-
amidon (2.5 mg/kg i.v.) significantly increased the ex-
travasation of Evans blue dye into the tracheal tissues 
(95.2  8  1.6 ng/mg, n = 5;  fig. 2 ). The combination of WIN 
55,212-2 (0.1 mg/kg i.v.) and SR141716A (0.1 mg/kg i.v.) 
significantly reduced ovalbumin-induced plasma extrav-
asation (51.1  8  4.5 ng/mg: 75.5% inhibition of the plasma 
extravasation after inhalation of the vehicle, p  !  0.01 vs. 
vehicle, n = 5;  fig. 2 ). In contrast, the combination of WIN 
55,212-2 (0.1 mg/kg i.v.) and SR144528 (0.1 mg/kg i.v.) did 
not significantly influence ovalbumin-induced plasma 
extravasation (83.9  8  9.0 ng/mg: 19.4% inhibition of the 
plasma extravasation after inhalation of the vehicle, n = 
5;  fig. 2 ).

  Effect of WIN 55,212-2 and the NK-1 Receptor 
Antagonist FK888 on Plasma Extravasation 
 The extravasation of Evans blue dye into the tracheal 

tissues of guinea pigs after exposure to the aerosolized 
vehicle (0.9% NaCl) for ovalbumin in the presence of 
phosphoramidon (2.5 mg/kg i.v.) amounted to 36.3  8  3.5 
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  Fig. 1.  Effects of WIN 55,212-2 (0.001, 0.01 or 0.1 mg/kg) on Evans 
blue dye extravasation into guinea pig tracheal tissues induced by 
inhalation of ovalbumin (5% solution for 2 min) in the presence 
of phosphoramidon (2.5 mg/kg i.v. at 5 min before exposure). The 
plasma extravasation was evaluated by measuring the amount of 
Evans blue dye in the tracheal tissues after 10 min. Values are the 
mean  8  SEM (n = 5 per group).  *  p  !  0.05 vs. vehicle;  *  *  p  !  0.01 
vs. vehicle. 

  Fig. 2.  Effects of the combination of WIN 55,212-2 (0.1 mg/kg) 
and a cannabinoid receptor antagonist (SR141716A or SR144528; 
0.1 mg/kg i.v.) on Evans blue dye extravasation into guinea pig 
tracheal tissues induced by inhalation of ovalbumin (5% solution 
for 2 min) in the presence of phosphoramidon (2.5 mg/kg i.v. at 5 
min before exposure). The plasma extravasation was evaluated by 
measuring the amount of Evans blue dye in the tracheal tissues 
after 10 min. Values are the mean  8  SEM (n = 5 per group).  *  p  !  
0.05 vs. vehicle. 
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ng/mg (n = 5;  fig. 3 ). Injection of the vehicle (DMSO) for 
WIN 55,212-2 and FK888 at 10 min before inhalation of 
5% ovalbumin in the presence of phosphoramidon (2.5 
mg/kg i.v.) significantly increased the extravasation of 
Evans blue (90.7  8  1.9 ng/mg, n = 5;  fig. 3 ). Pretreatment 
with FK888 (1.0 mg/kg) at 10 min before aerosol chal-
lenge reduced ovalbumin-induced plasma extravasation 
(69.6  8  2.6 ng/mg: 38.3% inhibition of the plasma ex-
travasation after inhalation of the vehicle, p  !  0.05, n = 4; 
 fig. 3 ). The combination of WIN 55,212-2 (0.1 mg/kg i.v.) 
and FK888 (1.0 mg/kg) reduced ovalbumin-induced 
plasma extravasation further compared with the effect of 
FK888 alone (40.8  8  6.6 ng/mg: 91.7% inhibition of the 
plasma extravasation after inhalation of the vehicle, p  !  
0.01 vs. vehicle and p  !  0.05. vs. FK888 alone, n = 5; 
 fig. 3 ).

  Discussion 

 Cannabinoids are known to show cannabis-mimetic 
activity and can block voltage-dependent Ca 2+  channels 
 [19, 20] . The biological effects of cannabinoids can be ex-
hibited by both endogenous and synthetic cannabinoid 
receptor agonists. Endogenous cannabinoid receptor ag-

onists (anandamide and palmitoylethanolamide) dose-
dependently inhibit electrical field stimulation-induced 
contraction of guinea pig bronchial smooth muscle  [24] . 
The synthetic cannabinoid receptor agonist WIN 55,212-
2 dose-dependently inhibits both electrical field stimula-
tion- and capsaicin-induced contraction of isolated guin-
ea pig bronchi  [22] . WIN 55,212-2 also dose-dependently 
inhibits capsaicin-induced plasma extravasation into the 
trachea  [23] . These reports have suggested that WIN 
55,212-2 may be a potential treatment for inflammatory 
diseases of the airways such as asthma. Antigen-induced 
plasma extravasation in the pig airway was reported to 
occur in response to neurogenic inflammation by the re-
lease of tachykinins from C-fiber endings  [6] . Therefore, 
we investigated the influence of WIN 55,212-2 on antigen-
induced plasma extravasation in the guinea pig trachea. 
Our results showed that pretreatment with WIN 55,212-2 
significantly and dose-dependently reduced the extent of 
antigen-induced extravasation in sensitized guinea pigs. 

  In the second part of this study, we investigated the 
cannabinoid receptor involved in the inhibitory effect of 
cannabinoid receptor agonists on C-fiber activation. The 
biological effects of cannabinoids are mediated by two 
specific receptors, CB1 and CB2, in the central nervous 
system and peripheral tissues  [14–16] . WIN 55,212-2 can 
bind with and activate both CB1 and CB2 receptors  [32] . 
A specific CB2 cannabinoid receptor agonist, JWH133, 
was reported to dose-dependently inhibit electrical field 
stimulation-induced bronchial contraction and capsa-
icin-induced substance P release, with its effects being 
reversed by a specific CB2 cannabinoid receptor antago-
nist (SR144528) but not by a CB1 antagonist (SR141716A) 
 [33] . In our previous study, we found that CB2 agonists 
inhibited cigarette smoke-induced plasma extravasation 
into the rat trachea and cigarette smoke-induced sub-
stance P release from rat airway tissues by the activation 
of maxi-K +  channels  [23] . The present study showed that 
pretreatment with SR144528 abolished the inhibitory ef-
fect of WIN 55,212-2 on the release of neuropeptides in 
guinea pig airways after antigen challenge. Accordingly, 
WIN 55,212-2 inhibited antigen-induced airway inflam-
mation by interacting with CB2 cannabinoid receptors.

  In the third part of this study, we examined the effect 
of a combination of WIN 55,212-2 and an NK-1 receptor 
antagonist (FK888). The tachykinins include substance P, 
neurokinin A (NKA), neurokinin B (NKB), and their 
precursors. Substance P and NKA are believed to be pres-
ent in C-fiber sensory neurons. Immunohistochemically, 
substance P and NKA are found in vessel walls, glands, 
near basement membranes and in the epithelium of the 
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  Fig. 3.  Effect of the combination of WIN 55,212-2 (0.1 mg/kg) and 
FK888 (1.0 mg/kg) on Evans blue dye extravasation into guinea pig 
tracheal tissues induced by inhalation of ovalbumin (5% solution 
for 2 min) in the presence of phosphoramidon (2.5 mg/kg i.v. at
5 min before exposure). The plasma extravasation was evaluated 
by measuring the amount of Evans blue dye in the tracheal tissues 
after 10 min. Values are the mean  8  SEM (n = 4–5 per group).
 *  p  !  0.05 vs. vehicle;  *  *  p  !  0.01 vs. vehicle;  +  p  !  0.05. vs. 
FK888. 
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nasal mucosa  [34] . Three tachykinin receptor subtypes 
(NK-1, NK-2 and NK-3) have been reported, and it has 
been shown that substance P, NKA and NKB are the most 
potent natural ligands for NK-1, NK-2 and NK-3 recep-
tors, respectively  [19] . Edema and vasodilation in the air-
way mucosa is induced more markedly by substance P 
than by NKA  [35] , while NKA is more potent at causing 
bronchoconstriction  [36] . Administration of NK-1 re-
ceptors antagonists FK888  [27]  and CP-99,994  [37]  has 
been shown to inhibit antigen-induced tracheal plasma 
extravasation in guinea pigs. In addition, C-fibers
have been demonstrated to release tachykinins such as 
substance P, NKA and calcitonin gene-related peptide 
(CGRP) in response to capsaicin  [38] , while an immuno-
histochemical study showed that CGRP coexists with 
substance P in guinea pig airways  [39, 40] . Furthermore, 
cannabinoids reduce plasma extravasation by inhibiting 
the release of substance P and CGRP, which are closely 
related to edema formation and plasma leakage in a rat 
model of neuropathic pain  [41] .

  In the present study, pretreatment with the combina-
tion of WIN 55,212-2 and FK888 reduced antigen-in-
duced plasma extravasation more markedly than treat-
ment with FK888 alone. These results suggest that WIN 
55,212-2 inhibits the release of substance P from C-fibers 
and that it also inhibits the release of other peptides such 
as CGRP.

  When C-fibers are stimulated, not only substance P 
but also other neuropeptides (like NKA and CGRP) are 

released and exert various effects on the respiratory sys-
tem  [37] . The inflammatory effect of such neuropeptides 
on the airways may contribute to bronchial hyperreactiv-
ity in humans, and we have previously demonstrated that 
antiasthma drugs (disodium cromoglycate, DSCG, and 
nedocromil sodium) inhibit antigen-induced plasma ex-
travasation related to the activation of C-fibers in guinea 
pig airways  [42] . Therefore, we compared the inhibitory 
effects of WIN 55,212-2 and DSCG on plasma extravasa-
tion. Pretreatment with DSCG reduced ovalbumin-in-
duced plasma extravasation (90.0  8  6.2 ng/mg: 80.0% of 
the vehicle level, n = 5). Pretreatment with WIN 55,212-2 
caused a further decrease of ovalbumin-induced plasma 
extravasation compared with the effect of DSCG (44.8  8  
6.7 ng/mg: 39.8% of the vehicle level, n = 5). WIN 55,212-
2 was more effective at blocking antigen-induced plasma 
extravasation in guinea pig airways.

  In conclusion, the cannabinoid receptor agonist WIN 
55,212-2 inhibits the activation of C-fibers and the release 
of various neuropeptides that might be related to the clin-
ical effects of known antiasthma drugs.
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