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haled for 10 min while measuring pulmonary infl ation 
pressure, a parameter of bronchoconstriction. Procater-
ol (1, 3, 10, or 30  � g/kg) or saline (control) was adminis-
tered into the airways 10 min prior to OA inhalation. The 
amount of extravasated Evans blue dye in the airways 
was calculated. (2) Venous blood samples were collected 
during OA or saline inhalation and plasma catechol-
amine levels were compared. In control animals, OA-in-
duced increases in both the amount of Evans blue dye 
and in pulmonary infl ation pressure were markedly 
greater in adrenalectomized animals than in sham-oper-
ated animals. Procaterol dose-dependently inhibited 
OA-induced airway microvascular leakage and broncho-
constriction, and its effects were more potent in adrenal-
ectomized animals (signifi cant at 1  � g/kg and higher) 
than in sham-operated animals (signifi cant at 10  � g/kg 
and higher). Although the plasma concentration of epi-
nephrine during OA inhalation was approximately 3 
times higher than that during saline inhalation in sham-
operated animals, no difference was seen in adrenalec-
tomized animals. In conclusion, while procaterol essen-
tially possesses pronounced inhibitory effects on 
antigen-induced airway microvascular leakage and bron-
choconstriction in guinea pigs, the effects are consider-
ably masked by epinephrine released from the adrenal 
gland. 
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  Abstract 
 While the guinea pig has been the preferred choice for 
use as a model of allergic bronchial asthma in the evalu-
ation of anti-asthmatic drugs, it has been shown that 
antigen-induced bronchoconstriction in guinea pigs is 
attenuated by epinephrine released from the adrenal 
gland. In order to investigate the possible infl uence of 
the adrenal gland on the effects of antiexudative and 
bronchodilative drugs on antigen-induced airway re-
sponses, we examined the inhibitory effects of procater-
ol, a selective  �  2 -adrenoceptor agonist, on antigen-in-
duced airway microvascular leakage and bronchocon-
striction in adrenalectomized guinea pigs and compared 
them with the drug’s effects in sham-operated animals. 
Guinea pigs sensitized passively with anti-ovalbumin 
(OA) guinea-pig serum were adrenalectomized or sham-
operated under urethane anesthesia and examined 30 
min after surgery in the following experiments. (1) Ani-
mals were intravenously administered Evans blue dye to 
quantify airway plasma exudation, and then OA was in-
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 Introduction 

 The guinea pig   shows pulmonary responses and histo-
logical fi ndings of the respiratory organ following antigen 
challenge that are similar or identical to those of asth-
matic patients  [1] . Furthermore, similar to the airway 
smooth muscle of human beings, the airway smooth mus-
cle of guinea pigs responds well to many spasmogens, in-
cluding histamine  [2, 3] , leukotrienes  [3, 4] , serotonin  [5, 
6] , thromboxane A 2   [7, 8] , and endothelins  [9, 10] . The 
guinea pig has therefore been the preferred choice for use 
as a model of allergic bronchial asthma in the evaluation 
of anti-asthmatic drugs. However, it has been shown that 
antigen-induced bronchoconstriction in guinea pigs is at-
tenuated by the action of epinephrine, which is released 
from the adrenal gland by an antigen-antibody reaction, 
on  �  2 -adrenoceptors  [11] . Epinephrine has been shown 
to exert antiexudative and bronchodilator effects by act-
ing on  �  1 -adrenoceptors and/or  �  2 -adrenoceptors  [12] . 
Therefore, when evaluating the effects of antiexudative 
and bronchodilative drugs in guinea pigs, there is the pos-
sibility that the effects of the drugs on antigen-induced 
airway responses may be infl uenced by adrenal epineph-
rine. 

 It is well known that selective  �  2 -adrenoceptor ago-
nists exhibit not only antiexudative effects but also bron-
chodilative effects in guinea pigs  [13–16] . Procaterol is a 
potent and highly selective  �  2 -adrenoceptor agonist  [17–
19] . Procaterol is known to be a full agonist at  �  2 -adreno-
ceptors because the drug has been shown to have effi cacy 
(intrinsic activity) similar to isoproterenol and epineph-
rine in relaxing isolated guinea-pig trachea precontracted 
maximally by carbachol  [20] . Unlike partial agonists such 
as salbutamol and salmeterol, which have signifi cantly 
less effi cacy than full agonists  [20] , procaterol has no an-
tagonistic action on  �  2 -adrenoceptors. Procaterol also has 
neither agonistic  [19]  nor antagonistic  [21]  actions on  � -
adrenoceptors. Although there is little information on the 
effect of procaterol on antigen-induced airway microvas-
cular leakage in guinea pigs, the drug has been shown to 
inhibit not only antigen-induced bronchoconstriction 
 [22]  but also airway microvascular leakage and broncho-
constriction induced by spasmogens such as histamine 
 [15, 23]  and eicosanoids  [16, 23]  in the animals. Taking 
this background into consideration, we used procaterol 
as a test drug for investigating the possible infl uence of 
the adrenal gland on the effects of antiexudative and 
bronchodilative drugs on antigen-induced airway re-
sponses in guinea pigs. 

 Thus, we examined the inhibitory effects of procaterol 
on antigen-induced airway microvascular leakage and 
bronchoconstriction in adrenalectomized guinea pigs and 
compared them with the effects in sham-operated ani-
mals. In addition, we also measured plasma catechol-
amine levels in order to assess their contribution to any 
difference in the inhibitory effects of procaterol on airway 
responses between adrenalectomized and sham-operated 
animals. 

   Materials and Methods 

 Preparation of Anti-Ovalbumin Guinea-Pig Serum 
 Four-week-old male Hartley guinea pigs were sensitized by in-

traperitoneal injection of 1 ml/animal of saline containing 5  � g of 
ovalbumin (OA) and 20 mg of silica, a total of 4 times at 2-week 
intervals. Serum was collected from each animal 1 week after the 
last sensitization, pooled, and kept frozen until use. The 48-hour 
passive cutaneous anaphylaxis titer of the serum was 1:   1,000. 

   Animal Preparation and Measurement of Bronchoconstriction 
 At 7–8 weeks of age male Hartley guinea pigs were passively 

sensitized by intravenous injection of 0.5 ml/animal of anti-OA 
guinea-pig serum. Two days after passive sensitization, the guinea 
pigs were anesthetized with urethane (1.2–1.4 g/kg i.p.), a midline 
abdominal incision was made, and either a bilateral adrenalectomy 
or a sham operation was performed. 20 min after surgery, the guin-
ea pigs were intranasally administered  [24]  procaterol dissolved in 
saline (0.9% NaCl) at doses of 1, 3, 10, or 30  � g/kg at a volume of 
0.3 ml/kg. Normal and control animals were administered saline at 
a volume of 0.3 ml/kg. 10 min after administration, a cannula was 
inserted into the trachea through a tracheostomy and Evans blue 
dye (20 mg/kg) dissolved in saline was injected into the right exter-
nal jugular vein. The animals were then immediately connected to 
a rodent ventilator (Model 683, Harvard Apparatus) and ventilated 
with room air at a rate of 60 breaths/min and a tidal volume of
4 ml/animal. About 1 min later, OA (10 mg/ml in saline) or saline 
(for normal animals) was aerosolized using a nebulizer (Type A, 
Azwell) and delivered to the animals through the ventilator for
10 min while monitoring changes in pulmonary infl ation pressure. 
Pulmonary infl ation pressure was measured using a pressure trans-
ducer (Type 45363, NEC San-ei) connected to a side arm of the 
tracheal cannula and recorded on a recorder (Recti-Horiz 8K, NEC 
San-ei). Bronchoconstriction was determined as the change in pul-
monary infl ation pressure ( � mm Hg)  [11, 25] . The maximal change 
in pulmonary infl ation pressure, usually obtained within 3 min af-
ter the start of OA inhalation, was analyzed. 

   Determination of Airway Microvascular Leakage 
 After the ventilator had been disconnected, the thoracic cavity 

was opened, a blunt 14-gauge needle was passed into the aorta from 
the left ventricle, and the ventricles were cross-clamped. Blood was 
expelled through an incision in the right atrium while perfusing the 
animal with about 200 ml of saline at a pressure of 90 mm Hg to 
remove intravascular dye from the systemic and pulmonary circu-
lation until the perfusate became clear. The lungs were removed 
and the parenchyma was carefully scraped off using cotton swabs. 
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The intrapulmonary airways were separated from the extrapulmo-
nary airways (trachea and main bronchi) and weighed wet after 
blotting. The Evans blue dye was extracted with 2 ml of formamide 
in a 37   °   C water bath for 24 h and measured using a spectropho-
tometer (Viento, Bio-Tek Instruments) at 620 nm. The results were 
plotted against a standard curve for Evans blue dye (0–20  � g/ml) 
in formamide. The amount of Evans blue dye contained in samples 
was calculated and expressed as ng/mg tissue wet weight. Evans 
blue dye measurements have been shown to closely correlate with 
the extravasation of radiolabeled albumin in guinea pig airways 
 [26] . 

   Measurement of Plasma Catecholamine Levels 
 30 min after adrenalectomy or sham operation, OA or saline 

inhalation was performed as described above. A venous blood sam-
ple was collected from the large abdominal vein using a syringe 
2–4 min after the start of the inhalation when the peak OA-induced 
increase in pulmonary infl ation pressure was seen. The blood was 
immediately transferred to a sample tube containing EDTA-2Na 
and centrifuged at 3,000 rpm for 30 min, and the plasma was frozen 
for catecholamine analysis. Each sample comprised plasma ob-
tained from 1 or 2 animals. Fractional catecholamine analyses (nor-
epinephrine, epinephrine, and dopamine) were performed by 
HPLC electrochemical detection at the Department of Biomedical 
Research, SRL, Inc., Hachioji, Tokyo, Japan. 

   Drugs and Chemicals 
 The following drugs and chemicals were used: procaterol (Ot-

suka Pharmaceutical Co.), OA (Sigma, St. Louis, Mo., USA), silica 
(Sigma), urethane (ethyl carbamate, Sigma), Evans blue dye (Sig-
ma-Aldrich, St. Louis, Mo., USA), formamide (Kanto Chemical 
Co., Tokyo, Japan), and physiological saline (Otsuka Pharmaceuti-
cal Co.). 

   Statistical Analysis 
 All data are expressed as the mean  8  SEM. Overall, statistical 

differences were determined by Student’s unpaired t test (two-

tailed) for comparison between 2 groups. The inhibitory effects of 
procaterol on airway microvascular leakage and bronchoconstric-
tion were analyzed by regression analysis to determine the signifi -
cance of dose-dependency. When the signifi cance of dose-depen-
dency was confi rmed, Williams test (lower-tailed) was performed 
to assess the signifi cance of differences between the control group 
and the procaterol groups. Statistical signifi cance was based on a 
95% confi dence level. Statistical analysis was performed using the 
statistical package SAS (Statistical Analysis System, SAS Institute 
Japan, Release 8.1). 

   Results 

 Inhibitory Effect of Procaterol on Airway 
Microvascular Leakage ( fi g. 1 ) 
 In the normal groups, there was no signifi cant differ-

ence in the amount of extravasated Evans blue dye be-
tween adrenalectomized and sham-operated animals 
(16.83  8  4.07 vs. 8.87  8  1.18 ng/mg tissue wet weight). 
Although signifi cant and apparent increases were ob-
served in both control groups in comparison with the cor-
responding normal group, the amount was markedly 
higher in adrenalectomized animals than in sham-oper-
ated animals (67.49  8  2.75 vs. 21.72  8  2.81 ng/mg tissue 
wet weight). While procaterol dose-dependently inhibit-
ed the dye extravasation in both groups, the inhibitory 
effect was much more potent in adrenalectomized ani-
mals than in sham-operated animals. Signifi cant inhibi-
tion was observed even at the lowest dose of 1  � g/kg in 
adrenalectomized animals, but only at the highest dose of 
30  � g/kg in sham-operated animals. 

  Fig. 1.  Effects of procaterol on OA-induced 
extravasation of Evans blue dye into intra-
pulmonary airways in sham-operated ( a ) 
and adrenalectomized ( b ) guinea pigs. N = 
Normal animals; C = control animals; P1–
P30 = animals pretreated with procaterol at 
doses of 1, 3, 10, and 30  � g/kg, respective-
ly. Values are mean  8  SEM; numbers in 
parentheses indicate number of animals. 
n.s. = Not signifi cant. ** p  !  0.01 vs. normal 
animals (Student’s unpaired t test);  ##  p  !  
0.01 vs. control animals (Williams test). 
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   Inhibitory Effect of Procaterol on Bronchoconstriction 
( fi g. 2 ) 
 There was no signifi cant difference in the change in 

pulmonary infl ation pressure between the 2 normal 
groups. Signifi cant and apparent increases in pulmonary 
infl ation pressure were observed in both control groups 
in comparison with the corresponding normal group. 
Similar to the results for airway microvascular leakage, 
the increase in pulmonary infl ation pressure was mark-
edly greater in adrenalectomized animals than in sham-
operated animals (50.00  8  2.18 vs. 15.32  8  2.28 mm 
Hg). Procaterol dose-dependently inhibited the increase 
in pulmonary infl ation pressure in both groups, with the 
inhibitory effect being more potent in adrenalectomized 
animals (signifi cant at 1  � g/kg and higher) than in sham-

operated animals (signifi cant at 10 and 30  � g/kg). The 
inhibitory effect of procaterol on bronchoconstriction 
paralleled its inhibitory effect on airway microvascular 
leakage. 

   Plasma Catecholamine Levels ( table 1 ) 
 During saline inhalation, a signifi cant difference in 

plasma epinephrine level, but not in norepinephrine or 
dopamine levels, was observed between adrenalecto-
mized and sham-operated animals (3,551  8  287 vs. 
22,943  8  6,780 pg/ml). In both groups, the plasma nor-
epinephrine level during OA inhalation was approxi-
mately twice as high as during saline inhalation. On the 
other hand, although the plasma epinephrine level during 
OA inhalation was approximately 3 times as high as dur-

  Fig. 2.  Effects of procaterol on OA-induced 
increase in pulmonary infl ation pressure in 
sham-operated ( a ) and adrenalectomized 
( b ) guinea pigs. N = Normal animals; C = 
control animals; P1–P30 = animals pre-
treated with procaterol at doses of 1, 3, 10, 
and 30  � g/kg, respectively. Values are mean 
 8  SEM; numbers in parentheses indicate 
number of animals. n.s. = Not signifi cant. 
** p  !  0.01 vs. normal animals (Student’s 
unpaired t test);  ##  p  !  0.01 vs. control ani-
mals (Williams test). 

Table 1. Plasma catecholamine levels 
during saline or OA inhalation in
sham-operated and adrenalectomized 
guinea pigs

Values are mean 8 SEM; numbers in parentheses indicate number of samples. Each 
sample comprised plasma obtained from 1 or 2 animals. n.s. = Not signifi cant.

* p < 0.05; ** p < 0.01 for comparison between sham-operated and adrenalectomized 
animals by Student’s unpaired t test.

# p < 0.05 vs. saline inhalation by Student’s unpaired t test.

*

Catecholamine Treatment  Saline inhalation OA inhalation 

Norepinephrine 
pg/ml 

Sham operation 
Adrenalectomy 

3,8098449 (6) 
4,2228897 (5) 

7,70581,462 (7)#

8,81481,304 (6)#

Epinephrine 
pg/ml 

Sham operation 
Adrenalectomy 

94386,780 (6) 
3,5518287 (5) 

68,273814,350 (7)#

4,4248912 (6)

Dopamine 
pg/ml 

Sham operation 
Adrenalectomy 

342848 (6) 
409853 (5) 

503878 (7)n.s. 
546836 (6)n.s. 

**

n.s. n.s.

n.s.n.s.

n.s.
2,2
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ing saline inhalation in sham-operated animals, there was 
no difference in the plasma epinephrine level between OA 
inhalation and saline inhalation in adrenalectomized an-
imals. There were no signifi cant differences in plasma 
dopamine levels either between adrenalectomized and 
sham-operated animals or between OA inhalation and 
saline inhalation. 

   Discussion 

 In the present study, the airway responses to OA, i.e. 
airway microvascular leakage and bronchoconstriction, 
were markedly enhanced in adrenalectomized guinea 
pigs. Plasma concentrations of norepinephrine and epi-
nephrine, but not dopamine, have been reported to in-
crease when sensitized guinea pigs are exposed to an an-
tigen  [11] . The increased catecholamine levels are prob-
ably due to increases in sympathetic nerve discharges by 
the following mechanisms: direct stimulation of the sym-
pathetic ganglia by histamine released from mast cells 
residing in the ganglia  [27] , and by means of vagal re-
fl exes accompanying bronchoconstriction  [28]  evoked by 
infl ammatory mediators released from mast cells. In the 
present study, plasma levels of norepinephrine, but not 
dopamine, were signifi cantly higher in both adrenalecto-
mized and sham-operated animals (approximately twice 
as high in both groups) during OA inhalation than during 
saline inhalation, indicating that sympathetic nerve dis-
charges were increased to the same extent by the antigen 
in both groups. On the other hand, although an increase 
in plasma epinephrine level was observed in sham-oper-
ated guinea pigs (approximately 3 times as high) during 
OA inhalation, no such increase was observed in adrenal-
ectomized guinea pigs. Taken together, these results sug-
gest that the enhancement of OA-induced airway re-
sponses by adrenalectomy is due to the absence of adrenal 
epinephrine acting as a counter-regulatory hormone. 

 In the present study we clearly demonstrated that pro-
caterol possesses pronounced inhibitory effects on anti-
gen-induced airway microvascular leakage and broncho-
constriction in adrenalectomized guinea pigs. On the oth-
er hand, procaterol’s inhibition of those airway responses 
in sham-operated animals was far less potent than in ad-
renalectomized animals. The reason for procaterol’s 
weaker potency in sham-operated animals could be due 
to the participation of adrenal epinephrine. Epinephrine 
may possibly inhibit airway microvascular leakage not 
only by decreasing blood delivery to the leakage sites (i.e. 
postcapillary venules) due to  �  1 -adrenoceptor-mediated 

contraction of precapillary arterioles  [12] , but also by in-
hibiting gap formation between the endothelial cells of 
postcapillary venules due to  �  2 -adrenoceptor-mediated 
relaxation of those endothelial cells  [29, 30] . Epinephrine 
also induces  �  2 -adrenoceptor-mediated relaxation of air-
way smooth muscle. Thus, if procaterol had an antago-
nistic action on  �  1 -adrenoceptors and/or  �  2 -adrenocep-
tors, it is likely that the drug’s inhibitory potency would 
be weaker in sham-operated animals than in adrenalec-
tomized animals due to attenuation of the inhibitory ef-
fects of adrenal epinephrine. However, procaterol has no 
antagonistic action on either  �  2 -adrenoceptors  [20]  or  � -
adrenoceptors  [21] . Therefore, a possible explanation for 
the weaker potency of procaterol in inhibiting antigen-
induced airway responses in sham-operated animals than 
in adrenalectomized animals is simply as follows: the in-
hibitory effects of procaterol in sham-operated animals, 
i.e. in the presence of adrenal epinephrine, are masked by 
the inhibitory effects of adrenal epinephrine because of 
their mutual effective site, i.e.  �  2 -adrenoceptors. Other 
antiexudative and bronchodilative drugs with a mecha-
nism of action unrelated to  �  2 -adrenoceptors, such as leu-
kotriene receptor antagonists and histamine receptor an-
tagonists  [31] , will need to be examined similarly. 

 In the present study, the inhibitory effect of procaterol 
on airway microvascular leakage paralleled its inhibitory 
effect on bronchoconstriction in both adrenalectomized 
and sham-operated guinea pigs. On the other hand, pro-
caterol has been reported to have low effi cacy on airway 
microvascular leakage when airway responses are in-
duced by spasmogens such as histamine  [15, 23]  and eico-
sanoids  [16, 23] , i.e. inhaled procaterol only partially in-
hibited airway microvascular leakage even at doses that 
almost completely inhibited bronchoconstriction. In a 
preliminary study using non-adrenalectomized guinea 
pigs, we showed that intranasally administered procater-
ol at 100  � g/kg, a higher dose than those tested in the 
present study, inhibited exudation of Evans blue dye into 
the intrapulmonary airways and an increase in pulmo-
nary infl ation pressure induced by histamine, but dye ex-
udation was inhibited only to about 50% of the control, 
while inhibition of the increase in pulmonary infl ation 
pressure was almost complete (data not shown). The most 
likely explanation for the discrepancy between those pre-
vious fi ndings and the results of the present study may be 
the difference in airway stimulation. There are two steps 
in the occurrence of the airway responses induced by an-
tigen challenge. The fi rst step is the release of infl amma-
tory mediators, predominantly histamine and leukotri-
enes  [31] , from mast cells activated by the antigen  [32–
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34] . The second step is the direct contractile action of 
such infl ammatory mediators on endothelial cells in post-
capillary venules, which induces airway microvascular 
leakage by forming gaps between the endothelial cells 
 [12] , and on airway smooth muscles, which induces bron-
choconstriction. Procaterol may inhibit the fi rst step as 
well as the second step, since the drug has been shown to 
inhibit the release of chemical mediators from passively 
sensitized lung fragments  [35]  and also to inhibit spasmo-
gen-induced airway microvascular leakage and broncho-
constriction  [15, 16, 23]  probably by inhibiting the forma-
tion of gaps between the endothelial cells lining the mi-
crovessels  [29, 30]  and by inhibiting airway smooth 
muscle contraction. Procaterol administered into the air-
ways might be more easily accessible at high concentra-
tions to mast cells distributed in the airway epithelium, 
which have been suggested to be responsible for initiation 
of the airway responses induced by inhaled antigen  [32–
34] , than to endothelial cells in postcapillary venules  [36] . 
Thus, the reason why procaterol shows more potent in-
hibitory effi cacy for antigen-induced rather than spasmo-

gen-induced airway microvascular leakage is thought to 
be the difference in the sites for the drug’s inhibitory ac-
tions. While procaterol might inhibit both mast cells and 
endothelial cells in antigen-induced airway responses, its 
inhibition of mast cells may be predominant. On the oth-
er hand, endothelial cells, which do not have such easy 
access to high concentrations of procaterol administered 
into the airways, might be the predominant site of the 
drug’s inhibitory action in spasmogen-induced airway re-
sponses. Further studies will be needed to support this 
hypothesis. 

 In conclusion, while procaterol essentially possesses 
pronounced inhibitory effects on antigen-induced airway 
microvascular leakage and bronchoconstriction in guinea 
pigs, the effects are considerably masked by epinephrine 
released from the adrenal gland. Furthermore, the results 
of the present study suggest that the participation of the 
adrenal gland should be taken into consideration when 
evaluating the effects of antiexudative and bronchodila-
tive drugs on antigen-induced airway microvascular leak-
age and bronchoconstriction in guinea pigs. 
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