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Inhibition by salmeterol of increased vascular permeability and
granulocyte accumulation in guinea-pig lung and skin

1C.J. Whelan & M. Johnson

Department of Peripheral Pharmacology, Glaxo Group Research Limited, Ware, Hertfordshire, SG12 ODP

1. The long-acting P2-adrenoceptor agonist, salmeterol has been evaluated for its anti-inflammatory
effects in the guinea-pig lung and skin.

2. Salmeterol, administered in bronchodilator doses to conscious guinea-pigs by both oral (0.01-
1.0 mg kg-') and inhaled (nebulizer concentration, 0.001-1.0 mg ml-') routes, inhibited histamine-
induced plasma protein extravasation (PPE) into the airway lumen.

3. Inhibition of PPE by salmeterol was long-lasting (>6 h) and was inhibited by prior administration
of propranolol (1 mg kg-1, s.c.), indicating an effect mediated by P-adrenoceptors.
4. Inhaled salbutamol (nebulizer concentration, 0.00 1- 1.0 mg ml-') also inhibited PPE in guinea-pig
lung but, in contrast to salmeterol, this effect was short-lived with substantial loss of activity 2 h after
administration.

5. Inhaled salmeterol (0.1 mg ml-') and salbutamol (1.0mg ml-') inhibited the accumulation of neu-

trophils in guinea-pig lung in response to lipopolysaccharide (100pgml-'). Salmeterol, but not sal-
butamol, inhibited the infiltration of eosinophils into the airway lumen in response to platelet activating
factor (100 Lgml-'). These effects of salmeterol were blocked by prior administration of propranolol
(5 mg kg-', s.c.), indicating that they were also P-adrenoceptor-mediated.
6. Oral salmeterol (10mg kg-', p.o.), but not salbutamol (10 and 100mg kg-', p.o.), inhibited
zymosan-induced granulocyte accumulation and PPE in guinea-pig skin. Lower doses of salmeterol (0.1
and 1 mg kg-') inhibited PPE, but not granulocyte accumulation. The effects of salmeterol were blocked
by prior administration of propranolol (1mgkg-', s.c.). Both salmeterol and salbutamol inhibited
histamine-induced PPE in guinea-pig skin.

7. Intradermal salmeterol (10-'mol per site), but not salbutamol, was also effective in inhibiting
zymosan-induced granulocyte accumulation and PPE in guinea-pig skin.

8. It is concluded that salmeterol, at bronchodilator doses in the guinea-pig, inhibits granulocyte
accumulation and PPE, possibly by an action on the vasculature. As this profile of activity is not shared
by the shorter-acting compound, salbutamol, it would seem that anti-inflammatory activity is associated
with P-adrenoceptor agonism of long duration. The implications of these findings for the use of
salmeterol in the treatment of bronchial asthma are discussed.

Keywords: Salmeterol; salbutamol; anti-inflammatory; P-adrenoceptor agonist; vascular permeability; neutrophil; eosinophil;
lung; skin; granulocyte

Introduction

The anti-inflammatory properties of I3-adrenoceptor agonists
in experimental animals are well documented (Spector &
Willoughby, 1960; Green, 1972; Persson et al., 1978). Adren-
aline inhibits oedema formation following thermal injury to
rats (Spector & Willoughby, 1960), while salbutamol has
been shown to inhibit carrageenin-induced oedema in the
mouse paw following local and intraperitoneal injection
(Green, 1972), and PAF-induced oedema in the rat following
oral administration (Bonnet, 1981). These anti-inflammatory
actions were due to stimulation of P-adrenoceptors, as they
were inhibited by P-adrenoceptor blocking agents (Green,
1972; Arntzen & Briseid, 1973; Persson et al., 1979). More-
over, the anti-inflammatory effects of P-agonists are not
restricted to skin and subcutaneous tissue, since terbutaline
has been shown to inhibit plasma protein extravasation
(PPE) and the increase in lung weight induced by histamine
in the guinea-pig (Persson et al., 1979).
One explanation for the inhibitory actions of P-adreno-

ceptor agonists in some of the studies described above is via
inhibition of the release of inflammatory mediators (Butchers
et al., 1980). However, this mechanism is unlikely to account
for all the effects seen, since in many experiments the direct
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actions of inflammatory mediators are inhibited (Svensjo et
al., 1976).

P-Adrenoceptor agonists inhibit capillary permeability by a
mechanism which does not appear to be secondary to vasodi-
latation. Rippe & Grega (1978) demonstrated that isoprena-
line reduced capillary filtration in a maximally vasodilated,
rat perfused hindquarter preparation. Further studies showed
that isoprenaline and terbutaline inhibited PPE, whereas
equi-vasodilator doses of acetylcholine or papaverine were
ineffective (Svensjo et al., 1976; Grega et al., 1980; Raymond
et al., 1980; Persson et al., 1982; Prasad et al., 1982). Joyner
et al. (1979) and Svensjo & Grega (1986) suggested that
I3-agonists modulate PPE by an action on P-adrenoceptors on

post-capillary venules.
This hypothesis was supported by Gudgeon & Martin

(1989) who demonstrated that isoprenaline inhibits phorbol
myristate acetate-induced transit of albumin across porcine
endothelial monolayers in culture, by a mechanism which
was blocked by propranolol.
To our knowledge, few studies have examined the effect of

P-adrenoceptor agonists on other aspects of acute-inflam-
mation, although Spicer et al. (1990) demonstrated that a

number of P-adrenoceptor agonists prevent sephadex-induced
blood eosinophilia in rats while subcutaneous isoprenaline
also inhibited sephadex-induced eosinophil accumulation in
rat lung. Furthermore, in spite of the experimental evidence,
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currently available P2-adrenoceptor agonists with a short
duration of action, such as salbutamol, do not appear to
have any significant anti-inflammatory activity in therapeutic
situations such as atopic dermatitis or the late phase response
in asthmatics following antigen challenge (Cockroft & Mur-
dock, 1987; Archer & Macdonald, 1987; Green et al., 1988).
The duration of action of the P-agonist may be an important
factor, since many inflammatory processes both develop and
resolve slowly.
The present paper compares the anti-inflammatory proper-

ties of the new long-acting P2-adrenoceptor agonist, salme-
terol (Bradshaw et al., 1987), with those of salbutamol in
guinea-pig lung and skin. Preliminary accounts of part of this
work have been published in abstract form (Whelan & John-
son, 1990; 1991a; 1991b).

Methods

Lung inflammation

Histamine-induced plasma protein extravasation (PPE)
Male guinea-pigs (300-400 g) were given an intra-cardiac
injection of iodinated (1251) human serum albumin (0.5 pCi,
0.3 ml) in heparinised saline (10 u ml-') under light isoflurane
anaesthesia. Following recovery, animals were placed in a
plexiglas chamber and exposed to an aerosol of histamine
(0.5 mg ml- ') generated by a Devilbiss nebuliser for 30 s,
followed by a further 30 s exposure to the atmosphere in the
chamber.

Thirty minutes after histamine challenge, guinea-pigs were
killed with an overdose of pentobarbitone sodium (Expiral)
administrated intraperitoneally and a blood sample was
taken by cardiac puncture. The trachea of each animal was
cannulated, and the lungs lavaged twice with 10 ml hepar-
inised (10 u ml-1), phosphate-buffered saline at 37TC. The
radioactivity in both an aliquot of plasma and a 5 ml sample
of the pooled bronchoalveolar lavage fluid (BALF) was

measured in a scintillation counter (LKB Compugamma).
From these data, plasma protein extravasation (expressed as

pl plasma ml' BALF) was calculated.
Where potency was estimated, drugs were administered to

the animals by the oral or aerosol route 30 min before hista-
mine challenge. In duration of action studies, the time inter-
val between P-agonist administration and histamine exposure
was extended for periods of up to 8 h. In experiments where
salmeterol, salbutamol or prostaglandin E2 (PGE2) was

administered by inhalation, guinea-pigs were placed in a
plexiglas chamber and exposed to aerosols of these agents as

described by Ball et al. (1991), in that solutions of these
agents were nebulised into the chamber for 1 min and the
animals breathed the atmosphere within the chamber for a

further 2 min.

Lipopolysaccharide (LPS) and platelet activating factor
(PAF)-induced granulocyte accumulation Male guinea-pigs
(300-400 g) were placed in plexiglas chambers and exposed
to aerosols of LPS (100 fg ml-') or PAF (100gg ml-') for 10
min as described by Folkerts et al. (1988) and Aoki et al.
(1987) respectively. Four hours after LPS, or 24 h after PAF,
guinea-pigs were killed and the lungs lavaged with hepar-
inised, phosphate-buffered saline as described above.
A total leucocyte count was performed, and a cytospin

preparation was made from the BALF recovered. Cytospin
preparations were fixed with methanol, stained with Wright's
stain and differential leucocyte counts carried out by an

operator who was unaware of the treatments given to the
animals during the experiment.

Dermal inflammation

Granulocyte accumulation and granulocyte-dependent vascular
permeability:- preparation and labelling of guinea-pig granu-

locytes Guinea-pig peritoneal granulocytes, elicited by intra-
peritoneal injection of glycogen (20 ml, 0.1% w/v), were
harvested from exudates (18 h after injection of glycogen) by
centrifugation on histopaque 1077 (20 min, 200 g). Granu-
locytes recovered in the pellet were washed twice with
heparinised Tyrode solution. Cells were then resuspended in
2 ml of heparinised Tyrode solution, mixed with "'indium
oxine (150 fLCi: 5.55 MBq), and incubated at room tempera-
ture for 15 min. Labelled granulocytes (>85% pure) were
washed twice with heparinised Tyrode solution and suspend-
ed in an appropriate volume of heparinised Tyrode solution
for reinjection (usually 2-5 ml). In experiments where vas-
cular permeability was measured, ('25I) iodinated human
serum albumin (10 pCi: 0.37 MBq) was added to the labelled-
granulocyte suspension.

Experimental protocol Male guinea-pigs (300-400g) were
anaesthetized with ketamine (40 mg kg-', i.m.)/xylazine
(8 mg kg-', i.m.) and the ventral surface of the abdomen
shaved. Each guinea-pig received an intra-cardiac injection of
indium-labelled granulocytes (usually 0.3 ml) and six intra-
dermal injections of either sterile saline (100 ,ul) or a suspen-
sion of zymosan (0.06-2mg) in saline. The animals were
then allowed to recover from the anaesthetic. After 4 h,
guinea-pigs were killed by the intraperitoneal administration
of pentobarbitone sodium. A blood sample (2 ml) was taken
into heparin (50 u ml-' final conc.) and a full thickness
biopsy of the injection site taken with an 18 mm hollow
punch.
An aliquot (500 pl) of the blood sample was removed for

counting, whilst the remainder was centrifuged. An aliquot of
the resulting plasma (2001al) was then also taken for coun-
ting.
The radioactivity of the blood, plasma and skin biopsies

was determined. From these data, the granulocyte content of
each skin site was calculated according to equation (1), given
a granulocyte count of 2.25 x 103 cells l 1 of blood (deter-
mined from differential counts of the blood from 6 control
guinea-pigs).

Tissue granulocytes
= 2.25 x 103 x tissue "'In count . blood "'In count

vol blood counted (1)
(1)

Similarly, plasma protein extravasation, expressed as Al
plasma equivalents, was calculated according to equation (2).

Plasma protein (p1)
= Tissue 1251I count *.

plasma 1251 count (2)
vol plasma counted (p1)

In the experiments described, 83.4 ± 1.5% of "'In was incor-
porated into the granulocytes. Approximately 107 cells were
injected into the circulation of each guinea-pig and 4 h after
injection <20% of "'In in the blood was recovered from the
plasma, indicating that >80% of the "'In administered
remained associated with the blood cells. However less than
20% of the injected neutrophils were circulating in the blood
4 h after injection. All values quoted for granulocyte accumu-
lation and plasma protein extravasation (vascular permeabil-
ity) are corrected for the increases induced by an intradermal
injection of sterile saline.

Granulocyte-independent vascular permeability Male guinea-
pigs (250-350 g) were anaesthetised with ketamine/xylazine
as described above. Each guinea-pig was given an intracar-
diac injection of iodinated human serum albumin (-0.5 pCi in
0.3 ml heparinised saline) followed by a series of intradermal
injections of sterile saline or histamine in sterile saline. After
30 min, the animals were killed by an injection of pentobar-
bitone sodium. A blood sample and full thickness biopsies of
the injection sites were taken. The radioactivity of a sample
of plasma (200 p1) and each biopsy was determined and the
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plasma protein extravasation, expressed as pl plasma, cal-
culated as described in equation (2).

Statistical analysis

In lung, histamine-induced increases in plasma protein extra-
vasation were log normally distributed. These data are ex-
pressed as geometric means and 95% confidence limits. EC50
values were calculated from a regression analysis. Plasma
protein extravasation in skin, and granulocyte accumulation
in skin and lung were normally distributed and are expressed
as arithmetic means ± s.e.mean. Where appropriate, levels of
statistical significance were calculated, for normally distri-
buted data, by Student's t test.

Drugs and reagents

lodinated human serum albumin (specific activity 2.5 gCi
mg ' albumin) and indium oxine were purchased from
Amersham International. Zymosan, histamine, propranolol,
platelet activating factor (PAF) and LPS (E. coli 026:B6)
were obtained from Sigma Ltd and PGE2 (Prostin E2) from
Upjohn Ltd. Salmeterol and salbutamol (Glaxo Group
Research Ltd) were dissolved in distilled water to an initial
concentration of 10 mg ml1' with the addition of a few drops
of glacial acetic acid. This solution was diluted further in
distilled water prior to oral or inhaled administration. In
experiments where compounds were administered intrader-
mally, they were dissolved in dimethyl sulphoxide (DMSO,
final concentration 1%) and co-injected with histamine or

zymosan.

Results

Lung inflammation

Histamine-induced plasma protein extravasation in the guinea-
pig lung Thirty minutes after inhalation of histamine (0.5

mg ml- 1) the plasma protein content of BALF increased
(Figure 1) from 0.80il ml-' (geometric mean, 95% confi-
dence limits 0.6-1.08 tl ml-', n = 10) to 5.26 ,il ml-' (4.82-
5.72 yl ml1', n = 13). Although bronchoconstriction was not
measured in these experiments, this level of histamine
challenge did not provoke respiratory distress, and was well
tolerated by all animals.

Effect of inhaled salmeterol and salbutamol on histamine-
induced PPE When salmeterol (nebulizer concentration,
0.001-1.0 mgml-') was administered to guinea-pigs by
aerosol, 30 min prior to challenge with histamine, a concen-
tration-related inhibition of PPE was observed. At a dose of
0.1 mg ml-' salmeterol, total inhibition of histamine-induced
PPE was achieved (Figure 1). The aerosol concentration of
salmeterol required to reduce histamine-induced PPE by 50%

(ED50) was found by regression analysis to be 0.015 mg ml-'.
The vehicle for salmeterol (acetic acid/water) had no effect on
histamine-induced PPE.

Like salmeterol, inhaled salbutamol (0.001 - 1.0 mg ml-')
also inhibited histamine-induced PPE (Figure 1). An ED50 of
0.038 mg ml-' was obtained for salbutamol which was not
significantly different from that of salmeterol. Pretreatment
of guinea-pigs with a P-adrenoceptor blocking dose of pro-
pranolol (1 mg kg' s.c.; Daly et al., 1975), prevented the
inhibition of histamine-induced PPE by salmeterol (Figure 1).

Effect of inhaled prostaglandin E2 on histamine-induced PPE
In contrast to the 132-adrenoceptor agonists, administration of
an equi-effective bronchodilator dose of PGE2 (0.1 mg ml-';
Ball et al., 1987), 30 min prior to histamine, did not inhibit
PPE in guinea-pig lung. When administered at shorter time
intervals before histamine challenge, PGE2 also had no effect
on PPE.

Effect of oral salmeterol on histamine-induced PPE Salme-
terol (0.01-1.0mg kg-', p.o.), 30 min prior to histamine,
also inhibited PPE in a dose-related manner, with the highest
dose producing total inhibition (Table 1). Analysis of the

+

0.001 0.01 0.1 1.0
Salmeterol (mg ml-1)
+ histamine (0.5 mg ml')

0.001 0.01 0.1 1.0
Salbutamol (mg mln')
+ histamine (0.5 mg ml-')

Propranolol
(1 mg kg-' s.c.)

salmeterol (0.1 mg ml-')

histamine (0.5 mg ml')

Figure 1 Inhibition of histamine-induced plasma protein extravasation (PPE) in guinea-pig lung by inhaled salmeterol (0.001 -
I mg ml-') and salbutamol (0.001 - I mg ml-') and blockade of the effects of salmeterol by propranolol (I mg kg-', s.c.). Each

column is the geometric mean and 95% confidence limits of at least 6 determinations. Concentrations refer to the concentration of

the P-agonists in the nebuliser solution.
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Table 1 Inhibition of histamine (0.5 mg ml ')-induced
plasma protein extravasation (PPE) in guinea-pig lung by
orally administered salmeterol (0.01-1 mg kg-')

Dose PPE*

Treatment (mg kg-') (pl plasma ml-' BALF) n

Control
Vehicle
Salmeterol
Salmeterol
Salmeterol

0.01
0.1
1.0

1.18 (1.10-1.28)
4.38 (4.02-4.78)
5.40 (4.36-6.70)
1.52 (1.32-1.74)
0.62 (0.58-0.66)

21
25
6
6
6

*Values shown are geometric means and 95% confidence
limits, in parentheses, of n determinations.
BALF = bronchoalveolar lavage fluid.

data obtained revealed that the ED5 oral dose of salmeterol
was 0.02 mg kg-'. The effect of orally administered salbut-
amol on histamine-induced PPE was not determined.

The duration of inhibition of PPE by salmeterol and salbut-
amol Inhibition of histamine-induced PPE by inhaled sal-
meterol (0.1 mg ml-') was long-lasting, being still evident for
at least 6 h after administration (Figure 2). In contrast, sal-
butamol (0.1 mg ml-') had a shorter duration of action, with
substantial loss of activity within 2 h (Figure 2).

Inhibition of lipopolysaccharide and PAF-induced granulocyte
accumulation by salmeterol and salbutamol Exposure of
guinea-pigs to a sub-maximal, aerosol dose of LPS (100 tg
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Hist Salmeterol + histamine (0.5 mg ml-')
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mg ml-'

Salbutamol (0.1 mg mi-')

Hist
0.5
mg ml

-I

I,

r

ml-') for 10 min resulted in an increase in the BALF neutro-
phil count from 3.8 ± 1.2 x 103 cells ml-' (mean ± s.e.mean)
to 141.3 ± 33.3 x 103 cells ml-', 4 h after challenge. No signi-
ficant (P>0.05) change in any other cell type was observed.
Pretreatment of guinea-pigs with an aerosol of salmeterol
(0.1 mg ml-'), 30 min before challenge with LPS, significantly
(P< 0.05) reduced the BALF neutrophil count to 46.8 ±
9.1 x 103 cells ml-' (Figure 3), a reduction of 69%. Lower
aerosol concentrations of salmeterol (0.01 mg ml-') were
without effect.

In a parallel series of experiments, a ten fold higher dose
of salbutamol (aerosol concentration 1.0 mg ml- 1), also
significantly reduced LPS-induced BALF neutrophilia by
67% (n = 6), (P <0.05). Lower aerosol concentrations of
salbutamol (0.1 mg ml-') were without effect. When guinea-
pigs were pretreated with propranolol (5.0 mg kg-', s.c.,
30 min prior to salmeterol; Kellet, 1966), salmeterol had no
significant inhibitory effect on LPS-induced neutrophil accu-
mulation (P> 0.05).

Similarly, exposure of guinea-pigs to an aerosol of PAF
(100iggml-'; Aoki et al., 1987) for 10min resulted in a
significant increase in the number of eosinophils in BALF
from 53.3 ± 12.5 x I03 cells ml-' to 97.7 ± 18.8 X 103 cells
ml-', 24 h after challenge (P< 0.05). Pretreatment of guinea-
pigs with salmeterol (aerosol concentration, 0.1 mgml-'),
30min prior to challenge with PAF, completely abolished
PAF-induced eosinophil accumulation (eosinophil count
59.2 ± 19.8 x I03 cells ml-'; Figure 4). A lower dose of sal-
meterol (0.01 mg ml-') also had an inhibitory effect.

In contrast to salmeterol, salbutamol (aerosol concentra-
tion 1.0 mg ml-') did not inhibit PAF-induced infiltration of
eosinophils in guinea-pig lung. Inhibition of PAF-induced
eosinophilia by salmeterol was abolished when guinea-pigs
were pretreated with propranolol (Figure 5).

Dermal inflammation

Zymosan-induced granulocyte accumulation and plasma protein
extravasation Skin samples which had been injected with
sterile saline contained 34.5 ± 6.0 x 103 (n = 20) granulocytes,
although this value varied from experiment to experiment.
Histological examination of these samples revealed no granu-
locytes in the extravascular compartment, therefore this value
presumably reflects the granulocyte content of the vascu-
lature within the biopsy. Similarly skin samples injected with
saline had a plasma volume of 9.65 ± 0.86 jsl (n = 20).
Four hours after the intradermal administration of zymo-

san (0.06-2 mg per site), a dose-related increase in the
number of granulocytes (measured as an accumulation of
"'In) and plasma protein extravasation (measured as the
accumulation of 12512-HSA) was observed in the injection

0

x

-j

m
n

Q
0

z
Salbutamol + histamine (0.5 mg ml-'l
0.5h 1 h 2h 4h

Figure 2 The duration of inhibition of histamine-induced plasma
protein extravasation (PPE) in guinea-pig lung by inhaled (a) sal-
meterol (0.1 mg ml-') and (b) salbutamol (0.1 mg ml-'). Each col-
umn represents the geometric mean and 95% confidence limits of at

least 6 determinations. Values illustrated are the plasma exudation
measured following challenge with histamine (0.5 mg ml-') at the
times indicated! after administration of P2-adrenoceptor agonists.
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Figure 3 Inhibition of lipopolysaccharide-induced neutrophil
accumulation in guinea-pig lung by salmeterol (aerosol concentra-

tions 0.01-0.1 mgml1'). Cont=control, LPS=lipopolysaccharide
(100 pg ml-'), Salm = salmeterol. Each column is the mean of 6

determinations; s.e.mean shown by vertical bars.
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Cont PAF

I

PAF + F
Salm '
0.01
mg ml-'

I

100

x 80

U-

-i

< 60

ot PFAL I~~~~IL

0. ICLI
0

W 0

Cont PAF PAF

+

Salm

PAF +
Salm
0.1 mg ml1

Figure 4 Inhibition of PAF-induced eosinophil accumulation in
guinea-pig lung by salmeterol (aerosol concentrations, 0.01-0.1 mg
ml- 1). Cont = control, PAF = PAF (0.1 mg ml- ), Salm = salmeterol.
Each column is the mean of 6 determinations; s.e.mean shown by
vertical bars.

sites. Granulocyte accumulation was confirmed by histology,
which showed extensive cell infiltration of the dermis and
subcutaneous tissue. Identification of individual cell types
was not possible although the predominant cells appeared to
be neutrophils. A sub-maximal dose of 0.2 mg per site zymo-
san was selected for further experiments. Granulocyte accu-
mulation, but not PPE, induced by zymosan (0.2 mg per site)
varied from experiment to experiment (Table 2), however,
within any given experiment this response was consistent
between animals.

Oral administration of salmeterol (10mgkg-1) significant-
ly (P <0.05) decreased zymosan-induced (0.2 mg per site)
granulocyte accumulation and PPE (Table 2). Lower doses of
salmeterol (1.0 and 0.1 mg kg- 1, p.o) significantly (P< 0.05)
reduced PPE, but had no significant effect on granulocyte
accumulation (Table 2). In contrast salbutamol (10 and
100 mg kg-', p.o.) had no significant inhibitory effect on

zymosan-induced granulocyte accumulation or PPE. The
highest dose of salmeterol used in this study (10 mg kg-',
p.o.) had no significant (P>0.05) effect on circulating neu-

trophil numbers.
Pretreatment of guinea-pigs with propranolol (1 mg kg-',

s.c.), 30 min prior to salmeterol (10 mg kg-', p.o.), prevented
the inhibitory action of salnieterol on zymosan-induced gran-
ulocyte accumulation and PPE.

Salmeterol was also effective by the intradermal route.

PAF

Salm

Prop

Figure 5 Blockade by propranolol (5 mg kg-', s.c.) of the inhibitory
actions of salmeterol (0.1 mg ml-') on PAF-induced eosinophil accu-
mulation in guinea-pig lung. Cont =control, PAF = PAF (0.1 mg
ml-'), Salm = salmeterol 0.1 mg ml-', Prop = propranolol (5 mg
kg-', s.c.). Each column is the mean of at least 6 determinations;
s.e.mean shown by vertical bars.

Intradermal administration of 10-8 mol per site significantly
(P< 0.05) reduced granulocyte accumulation from 79.6 +
13.3 (mean ± s.e.mean) to 39.0 ± 10.9 x 103 cells per site
(n = 6) and PPE from 15.2 ± 4.1 to 7.3 ± 1.8 (n = 6) pl
plasma per site (n = 6). Lower doses of salmeterol (10-9 mol
per site) had no significant effect. Intradermal injection of
salbutamol (10-9-10-7 mol per site) had no effect on zymo-
san-induced granulocyte accumulation or PPE.

Granulocyte-independent vascular permeability

Histamine (10 ng- 10Ig per site), unlike zymosan, caused
plasma protein extravasation in guinea-pig skin without
granulocyte accumulation. A dose of 100 ng per site hista-
mine was selected for studies with salmeterol since this sub-
maximal dose caused consistent increases in PPE, whereas a
greater variation in response was seen with higher doses.
When guinea-pigs were pretreated with salmeterol (10 mg
kg-', p.o.) 1 h prior to injection of histamine (100 ng per
site), PPE was significantly (P <0.05) reduced from 6.5 ± 1.0
1l plasma per site to 2.7 ± 0.7 fl plasma per site (n = 5), a
reduction of 58.5%. Lower doses of salmeterol (1 mg kg-',
p.o.) had no inhibitory effect on histamine-induced PPE
(5.9 ± 1.6 pl plasma per site) (P> 0.05). Like salmeterol, sal-
butamol also inhibited histamine-induced PPE, but at a ten
fold higher dose. Oral administration of 100 mg kg-' sal-
butamol significantly (P <0.05) reduced PPE from a control
value of 11.9 ± 2.2 to 5.7 ± 1.7 (n = 4) Ial plasma per site. A
lower dose of salbutamol (10 mg kg-') did not inhibit hista-
mine-induced PPE (10.5 ± 2.5 to 9.8 ± 3.0 jsl plasma per site

(n = 8)).

Table 2 Effect of salmeterol and salbutamol on zymosan (0.2 mg per site)-induced inflammation in guinea-pig skin

PMN cell accumulation* Plasma protein extravasation*

(cells per site x 103) (Ail)
Dose

Agonist (mg kg-', p.o.) Control Test n Control Test n

0.1
1.0

10.0
10

100

141.1 ± 19.0 129.1 ± 30.4 6 14.6 ± 2.2
53.3 ± 13.3 39.8 ± 12.7 6 17.9 ± 2.1

460.0 ± 82.0 190.0 ± 35.0 8 12.7 ± 2.8
153.3 ± 24.1 135.6 ± 43.0 4 11.0 ± 2.6
153.3 ± 24.1 118.8 ± 37.7 6 11.0 ± 2.6

*Values shown are arithmetic mean ± s.e.mean of n determinations.
PMN = polymorphonuclear.
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10.0 ± 3.9 6
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Pretreatment of guinea-pigs with propranolol (1 mg kg-',
s.c.), 30 min prior to salmeterol (10 mg kg-', p.o.), abolished
the inhibitory action of salmeterol on histamine-induced PPE
in guinea-pig skin.

Discussion

In acute inflammatory reactions, pharmacologically-active
substances (kinins, histamine, C5a etc.) are released, and lead
to increased venular permeability to plasma proteins, thus
promoting oedema formation (Haddy et al., 1976), and
granulocyte accumulation (Hurley, 1972). Bronchial asthma
is a disease increasingly regarded as being due to airway
inflammation. In the asthmatic lung, the release of mast
cell-derived inflammatory mediators has been detected (Wen-
zel et al., 1990; 1991) and there is histological evidence of
inflammatory cell activation and infiltration (Beasley et al.,
1989; Djukanovic et al., 1991). Plasma proteins are also
found in the bronchial lumen (Dunnill, 1960; Ryley & Bro-
gan, 1968; Wanner, 1977; Persson, 1986) and the aqueous
(non-mucus) phase of asthmatic sputum has been compared
with inflammatory exudate (Ryley & Brogan, 1968). The
presence of plasma protein in the bronchial secretions thick-
ens mucus, thus impairing mucociliary clearance (Wanner,
1977), and can impair surfactant function, reducing ventila-
tion (Seeger et al., 1985). Additionally, bronchial mucosal
oedema would produce a significant narrowing of the airway,
thereby augmenting any bronchoconstriction (Hogg, 1985).
The inhibitory actions of P-adrenoceptor agonists on

inflammatory mediator release and plasma protein extravasa-
tion are well documented, data coming from studies both in
animals (Persson et al., 1982) and in man (Basran et al.,
1982; Howarth et al., 1985). However, clinical experience has
not shown currently available P-adrenoceptor agonists to
have significant anti-inflammatory activity (Archer & Mac-
donald, 1987; Cockroft & Murdock, 1987; Green et al.,
1988). This may be a consequence of the relatively short
duration of action of such drugs. The experiments described
above were therefore designed to investigate whether
salmeterol, a novel long-acting p2-agonist, would exhibit anti-
inflammatory activity in addition to its long-lasting broncho-
dilator effects. Data published previously had shown that
salmeterol inhibits inflammatory mediator release from
human lung (Butchers et al., 1991) and that this inhibition
was sustained for up to 20 h.
The findings of this study indicate that salmeterol inhibits

histamine-induced PPE in guinea-pig lung following aerosol
or oral administration at bronchodilator doses (Ball et al.,
1991) and that these effects were mediated by P-adreno-
ceptors, since they were prevented by propranolol pretreat-
ment. Furthermore, the inhibitory action of salmeterol on
PPE is of long duration (> 6 h) and is similar to that
reported for the bronchodilator effects of the drug (Ball et
al., 1991).

Histamine increases PPE in lung by an action on the
bronchial vasculature (Barnes et al., 1988). Although the
concentration of histamine used in these experiments did not
cause overt bronchoconstriction, it is possible that histamine
promotes PPE indirectly through a bronchoconstrictor action
and that by inhibiting bronchoconstriction, salmeterol also
inhibited PPE. This is unlikely since PGE2 at bronchodilator
doses did not inhibit histamine-induced PPE. In addition,
salmeterol also inhibited histamine and zymosan-induced
PPE in the skin of these animals. Instead, it is likely that
salmeterol acts on the vasculature, probably on the endothe-
lium of post-capillary venules (Persson et al., 1982; Gudgeon
& Martin, 1989), to prevent PPE.
The long duration of action of salmeterol against PPE may

be of the therapeutic relevance. In animal studies, following
the administration of bradykinin or histamine, the rate of
PPE increases rapidly and returns to basal levels even when
the stimulus persists (Adamski et al., 1987). However, the

resolution of this process is much slower, particularly in lung
(Hurley, 1972; Sanchis et al., 1972). Short-acting P2-adreno-
ceptor agonists, such as salbutamol, may decrease the rate of
extravasation, but only transiently. Since the rate-limiting
step in clearing extravascular protein is the rate of removal
(Hurley, 1972; Grega & Adamski, 1988), any transient reduc-
tion in the rate of extravasation would not result in a reduc-
tion of interstitial protein levels. In contrast, a long-acting
compound, such as salmeterol, may be capable of reducing
the rate of PPE for a sufficient period to allow the clearance
mechanism to have an effect. This would be expected to
reduce tissue oedema formation.

Salmeterol also inhibits granulocyte accumulation in the
lung at bronchodilator doses and granulocyte accumulation
and granulocyte-dependent PPE in the skin. These effects
were again antagonized by propranolol and thus also appear
to be mediated by an action on P-adrenoceptors. Eosinophil
accumulation in the bronchial lumen is one of the hallmarks
of asthma (Horn et al., 1975; Venge, 1985), while neutrophil
accumulation is characteristic of other forms of inflammation
(Rylander & Haglind, 1986; Thompson et al., 1989). Further-
more, eosinophil and neutrophil accumulation in the airways
have been linked to nocturnal asthma (Martin et al., 1991).
Inhibition of granulocyte accumulation by P2-adrenoceptor
agonists is unlikely to be due to an action on the granulocyte
itself, since high concentrations of P2-adrenoceptor agonists
are generally required to inhibit inflammatory cells in vitro
(Busse & Sosman, 1984; Baker & Fuller, 1990) and these
effects are not reversed by propranolol (Baker & Fuller,
1990). It is possible that, as for PPE, salmeterol inhibited
granulocyte accumulation by an action on the venular endo-
thelium. The finding that salmeterol, but not salbutamol,
inhibited PAF-induced eosinophil accumulation over 24 h,
and zymosan-induced granulocyte infiltration in the skin fol-
lowing systemic (oral) and local administration, suggests that
inhibition of granulocyte accumulation is a property of long-
acting P2-adrenoceptor agonists. Thus, the finding that salbu-
tamol albeit at ten fold higher concentrations than required
to inhibit PPE, inhibited neutrophil infiltration in lung, but
not in the skin, is perhaps surprising. However, the results
obtained in the lung are consistent with data in the literature
demonstrating that salbutamol blocked antigen-induced neu-
trophil, but not eosinophil, accumulation (Hutson et al.,
1988). This discrepancy between guinea-pig lung and skin
requires further investigation, but may reflect a difference in
the kinetics of neutrophil infiltration into these tissues or in
the duration of action of salbutamol at higher doses.

In summary, the studies described above demonstrate that
salmeterol has anti-inflammatory properties. It inhibits
granulocyte accumulation, granulocyte-dependent PPE and
granulocyte-independent PPE in guinea-pig lung and skin,
following topical, local and oral administration. These effects
occur at doses which have been shown to produce broncho-
dilatation in this species (Ball et al., 1991). Like the effects on
inflammatory mediator release (Butchers et al., 1991), salme-
terol has a long duration of action against both PPE and
granulocyte accumulation. The duration of the anti-inflam-
matory effects of salmeterol is similar to that for broncho-
dilatation which, in man, lasts for at least 12 h (Ullman &
Svedmyr, 1988), indeed it is possible to achieve a 24 h in-
crease in lung function with twice daily dosing (Ullman et al.,
1990). Thus, it may be possible to achieve a 24 h anti-
inflammatory effect in man, by administering salmeterol
twice daily, which would give it a clear clinical advantage
over the short-acting P2-adrenoceptor agonists currently
available for the treatment of asthma. Such properties may
account for some of the clinical actions of salmeterol, which
are not shared by the shorter-acting compounds, such as
inhibition of allergen-induced late-phase responses in asth-
matics (Twentyman et al., 1990). The anti-inflammatory
actions of salmeterol may be complementary to those of the
inhaled steroids and furthermore, may be applicable to the
therapy of other inflammatory disorders.
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