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Abstract 

The permeability of bovine pulmonary artery endothelial (CPAE) monolayers to Evans blue-labelled albumin (Evans 
blue-albumin) has been measured in vitro. Thrombin caused a concentration-dependent increase in Evans blue-albumin 
clearance across endothelial monolayers. Isoprenaline inhibited thrombin-induced Evans blue-albumin clearance in a concentra- 
tion-dependent manner (ECs0 21 nM). This effect was mimicked by the selective/32-adrenoceptor agonists salbutamol (ECs0 64 
nM) and salmeterol (EC50 2.7 nM), but not by the selective/31-adrenoceptor agonist, RO-363 ((1-[3',4'-dihydroxyphenoxy]-2-hy- 
droxy-[3",4"-dimethoxyphenethylamino]-propane)oxalate), nor by the selective /33-adrenoceptor agonist, CL-316,243 (disodium 
(R•R)-5-[2-[[2-(3-ch••r•pheny•)-2-hydr•xyethy•]-amin•]pr•py•]-••3-benz•di•x••e-2•2-dicarb•xy•ate). Isoprenaline, salbutamol and 
salmeterol, but not RO-363 or CL-316,243 produced small, but significant reductions in Evans blue-albumin clearance across 
unstimulated endothelial monolayers. Inhibition of the response to thrombin by isoprenaline was antagonised by the selective 
/3z-adrenoceptor antagonist, ICI-118,551 ((erythro-oL-l(7-methylindan-4-yloxy)3-isopropylaminobutan-2-ol), pK B 8.4). Salmeterol 
also inhibited hydrogen peroxide-stimulated Evans blue-albumin clearance. Hence, the widely used /3e-adrenoceptor agonists, 
salbutamol and salmeterol, are able to reduce endothelial permeability at nanomolar concentrations. 
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I. Introduction 

The vascular endothelium is responsible for main- 
taining a permeability barrier between the vascular 
lumen and the extravascular space. Alterations in the 
permeability of venular endothelium lead to changes in 
vascular permeability (Majno and Palade, 1961; Wu 
and Baldwin, 1992), and are of critical importance in 
inflammation. Increased permeability of arterial en- 
dothelium may play an important role in the develop- 
ment of atherosclerosis (Ross, 1986; DeMichele and 
Minnear, 1992). 

As the endothelium plays an important role in both 
inflammatory and vascular diseases, in vitro models 
have been developed that allow direct measurement of 
endothelial permeability by culturing endothelial  
monolayers on filters (Cooper et al., 1987). The en- 
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dothelium-coated filter is then used to separate two 
chambers and the passage of macromolecules between 
these chambers, across the filter, is measured. 

/3-Adrenoceptor agonists have been widely reported 
to reduce vascular permeability in vivo (e.g. Mizus et 
al., 1985; Adamski et al., 1987; Whelan and Johnson, 
1992). However, while in vivo observations are essential 
to establish physiological or pharmacological relevance, 
it has been questioned whether these reductions in 
vascular permeability are due to direct or indirect 
effects (Persson, 1993). Vascular permeability in vivo 
depends on both true changes in vascular permeability 
and changes in regional haemodynamics (Williams and 
Peck, 1977). Additionally, indirect alteration of vascu- 
lar permeability may also be brought about by the 
involvement of inflammatory cells (Wedmore and 
Williams, 1981), and it has previously been shown that 
/3-adrenoceptor agonists can reduce the release of in- 
flammatory mediators from human lung (Butchers et 
al., 1980). These complicating factors make assessment 
of direct effects on endothelial permeability difficult. 
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Osmotic, oncotic or hydrostatic pressure gradients 
(parameters which depend on both vascular and 
perivascular conditions) may also affect plasma exuda- 
tion. Characterisation of receptors in vivo is also ham- 
pered by non-equilibrium conditions, and by unknown 
drug concentrations at the site of action. While these 
complicating factors are all essential components of the 
response in vivo, measurement of endothelial perme- 
ability in vitro allows the investigation of agents acting 
directly on this cell type. We were interested in exam- 
ining effects mediated via /3-adrenoceptors directly on 
endothelial permeability in isolation, and whether these 
effects could be brought about by pharmacologically 
relevant concentrations of therapeutically used /3- 
adrenoceptor agonists. 

/3-Adrenoceptor agonists have previously been 
shown to reduce the permeability of endothelial mono- 
layers in vitro (Minnear et al., 1989, 1993; Gudgeon 
and Martin, 1989; Langeler and Van Hinsbergh, 1991), 
suggesting a direct action on endothelial permeability. 
However, most of these studies have only used high 
concentrations of /3-adrenoceptor agonists (1 /xM or 
above) where pharmacological selectivity cannot be 
guaranteed. The only paper to report concentration-re- 
sponse characteristics (Zink et al., 1993) reported the 
curious finding that while the/32-adrenoceptor agonist, 
formoterol, reduced endothelial permeability at sub- 
nanomolar concentrations, isoprenaline only produced 
responses at supra-micromolar concentrations. There 
are no published reports on the possible involvement 
of/33-adrenoceptors. 

Our aim was to demonstrate that /3-adrenoceptor 
agonists can modulate endothelial permeability in vitro 
at pharmacologically relevant concentrations, and to 
characterise the /3-adrenoceptors involved. We have 
measured clearance of albumin labelled with Evans 
blue, an albumin-binding dye (Patterson et al., 1992), 
across bovine pulmonary artery endothelial cell mono- 
layers. These cells are well documented to respond to 
thrombin with an increase in permeability (Garcia et 
al., 1986; Minnear et al., 1989; DeMichele et al., 1990; 
Patterson et al., 1992). We have therefore used throm- 
bin as our primary stimulus, though we have also 
investigated other stimuli. To investigate/3-adrenocep- 
tors, we have examined responses to isoprenaline, a 
non-selective/3-adrenoceptor agonist (Ball et al., 1991), 
RO-363 ((1-[3',4'-dihydroxyphenoxy]-2-hydroxy-[3",4"- 
dimethoxyphenethylamino]-propane)oxalate), a selec- 
tive /31-adrenoceptor agonist (McPherson et al., 1984), 
salbutamol and salmeterol, selective /32-adrenoceptor 
agonists (Ball et al., 1991), CL-316,243 (disodium 
(R,R)-5-[2-[[2-(3-chlorophenyl)-2-hydroxyethyl]-amino]- 
propyl]-l,3-benzodioxole-2,2-dicarboxylate), a selective 
/33-adrenoceptor agonist (Bloom et al., 1992), and ICI- 
118,551 (erythro-DL-l(7-methylindan-4-yloxy)3-isopro- 
pylaminobutan-2-ol), a selective, competitive, /32- 

adrenoceptor antagonist (O'Donnell and Wanstall, 
1980), and have drawn some conclusions regarding the 
nature of the /3-adrenoceptor mediating changes in 
endothelial permeability. 

2. Materials  and methods  

2.1. Cells 

Bovine pulmonary artery endothelial cells (CPAE) 
were obtained from the European Collection of Ani- 
mal Cell Cultures (Salisbury, catalogued as CPAE; 
alternatively catalogued by the American Type Culture 
Collection, Rockville, USA, as CCL-209). This cell line 
has been shown to be endothelial in origin by an- 
giotensin-converting enzyme activity, factor VIII-re- 
lated antigen and the presence of Weibel-Palade bod- 
ies (Del Vecchio and Lincoln, 1983). Passages 28-34 
were used for this study. 

2.2. Measurement of  Evans blue-labelled albumin clear- 
ance across endothelial monolayers 

CPAE were cultured in Dulbecco's modified Eagle's 
medium (DMEM) containing 17% foetal calf serum. 
Cells were cultured in 75 cm 2 tissue culture flasks until 
confluent. The cells were detached from the flask with 
trypsin/EDTA and resuspended in 12 ml DMEM/  
foetal calf serum. Cell suspension was seeded in plates 
of polycarbonate filter assemblies (Costar Transwell, 
12 assemblies per plate, 1 cm 2 filter, 0.4/xm pore size, 
pre-soaked in DMEM/foetal calf serum for at least 1 
h, 0.5 ml cell suspension per filter), and cultured for 7 
days (medium replaced every 1-3 days). The filter 
assemblies consisted of an inner, luminal, chamber and 
an outer abluminal, chamber, separated by the filter. 

The filter assemblies were rinsed with phosphate- 
buffered saline (PBS). Bathing medium (DMEM con- 
taining 25 mM Hepes, 1.2 mM NaHCO3, 40 mg- ml- 1 
bovine serum albumin, 0.001% silicone anti-foaming 
agent, but without foetal calf serum or phenol red, pH 
adjusted to 7.4, 37°C, pre-gassed with air) was added to 
the luminal chamber (0.5 ml bathing medium added) 
and the abluminal chamber (1.4 ml bathing medium 
added). Evans blue (50 /zl, 10 mg. ml -l  in bathing 
medium) was added to the luminal chamber and was 
shown to be > 99.9% albumin-bound as measured by 
acid precipitation. Under the conditions of the experi- 
ment, there were no hydrostatic or oncotic pressure 
gradients. Samples (50 /zl) were removed from the 
luminal chambers and diluted 1:10 for absorbance 
measurement. The plate was placed in a water bath 
(37°C, exposed to air) and left for 20 min (equilibration 
period). The plate was gently swirled and samples (100 
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/zl) removed from the abluminal chambers; this volume 
was replaced with flesh bathing medium. The plate 
was left for 1 h (basal period) before samples (100/zl)  
were again removed from the abluminal chambers and 
replaced with flesh bathing medium. Drug (or vehicle) 
was then added to the luminal chamber. Antagonists, 
where investigated, were added to both luminal and 
abluminal chambers 30 min prior to addition of the 
other drugs. The plate was left for 1 h (treatment 
period) before samples (100 /xl) were removed from 
the abluminal chambers. Absorbance (600 nm) of the 
samples was measured in a 96-well plate reader 
(Molecular Devices). The absorbance of bathing 
medium was subtracted from all readings, which were 
then corrected for dilution and replacement of medium. 
The Evans blue-labelled albumin (Evans blue-albumin) 
clearance rate (theoretical volume of the luminal 
chamber cleared of Evans blue-albumin per unit time) 
was calculated for the basal and treatment periods as 
described below: 
Clearance (p - l / h )  

Abluminal  volume (p,I) X Increase in abluminal absorbance 

Luminal  absorbance × Time (h )  

The difference in Evans blue-albumin clearance 
rates between basal and treatment periods was calcu- 
lated. Positive numbers indicate an increase in Evans 
blue-albumin clearance. 

2.3. Chemicals 

tested for using either Student's t-test, or analysis of 
variance (followed by Dunnett 's  test or Duncan's test) 
as appropriate, otherwise Kruskal-Wallace non-para- 
metric statistics were used. A probability (P )  of 0.05 or 
less was considered significant. ECso values were calcu- 
lated by logarithmic interpolation of concentration-re- 
sponse data. Individual ECs0 values were meaned geo- 
metrically and are expressed with 95% confidence in- 
tervals. 

pK B was calculated according to the following 
equation (Kenakin, 1987): 
p K  B = log 10 (concentrat ion r a t i o -  1) 

- log lo (antagonist  molar concentration ) 

3. Results 

3.1. Effect of cells on Et~ans blue-albumin clearance 
across filters 

Evans blue-albumin clearance was measured across 
cell-free filters after incubation in DMEM/foe t a l  calf 
serum for 24 h, and a value of 72.3 Izl • h ~ (~n- J = 9.8 
Izl • h -  J, n = 24) was obtained. In contrast, basal clear- 
ance across CPAE-coated filters was 11.4 /zl. h J 
(~r _ l = 5.0 pA • h -  l, n = 422). Hence the CPAE mono- 
layer markedly restricts the passage of Evans blue-al- 
bumin across the filter. 

Hepes (1 M, cell culture grade), bovine serum albu- 
min, thrombin (bovine plasma), (+)- isoprenal ine  
hemisuiphate, lipopolysaccharide and sodium nitro- 
prusside were obtained from Sigma. Salbutamol, sal- 
meterol, CL-316,243, RO-363 and ICI-118,551 were 
synthesised in-house. U46619 (9,11-dideoxy-l la ,9a-  
epoxymethano prostaglandin Fz~) was obtained from 
Upjohn. T r y p s i n / E D T A  (1 × solution), DMEM, foetal 
calf serum and PBS were obtained from Gibco. 

Isoprenaline was dissolved and diluted in bathing 
medium containing 100/xM ascorbic acid. Salbutamol, 
CL-316~243, RO-363, ICI-118,551, sodium nitroprus- 
side, lipopolysaccharide and U46619 were dissolved 
and diluted in bathing medium. Salmeterol was dis- 
solved at 1 M in dimethylacetamide, and diluted in 
bathing medium. None of the vehicles had a significant 
effect on Evans blue-albumin clearance. 

2.4. Statistical analysis 

All data are expressed as mean + standard error of 
the mean (S.E.M.) unless otherwise stated, n repre- 
sents the number of individual experiments. Data were 
tested for normalcy and homogeneity of variance. If 
these criteria were met, then statistical significance was 

3.2. Effect of thrombin, lipopolysaccharide, U46619, hy- 
drogen peroxide and sodium nitroprusside on El~ans 
blue-albumin clearance across endothelial monolayers 

We investigated a range of mediators that could 
possibly increase Evans blue-albumin clearance across 
endothelium. Thrombin (10 U. tz l  -~) and hydrogen 
peroxide (1 raM) both caused a significant increase in 
Evans blue-albumin clearance (Fig. la). However, in 
contrast, lipopolysaccharide (50 mg/# l ) ,  the thrombox- 
ane mimetic, U46619 (1 ~M), and sodium nitroprus- 
side (10 ~M) all failed to affect Evans blue-albumin 
clearance across endothelial monolayers. As high con- 
centrations of hydrogen peroxide could affect the ab- 
sorbance of Evans blue, luminal absorbance was also 
monitored throughout the experiment. Hydrogen per- 
oxide (1 mM) had no significant effect on luminal 
absorbance. 

The effect of thrombin was further investigated; 
thrombin (0.1-100 U" ml - l )  caused a concentration- 
dependent  increase in Evans blue-albumin clearance 
across the endothelial monolayers (Fig. lb). At 100 
U .  m1-1, thrombin increased Evans blue-albumin 
clearance by 8.0 /zl. h -1 over basal clearance (an in- 
crease of 0.6 /zl. h I was observed in unstimulated 
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monolayers). 10 U • ml-1 thrombin caused a clear, yet 
sub-maximal, response, and was therefore chosen as 
the concentration against which the /3-adrenoceptor 
agonists would be tested. 

3.3. Effect of fl-adrenoceptor agonists on thrombin- 
stimulated Evans blue-albumin clearance 

/3-Adrenoceptor agonists were tested for inhibitory 
activity against thrombin (10 U .  ml-1)-stimulated 
Evans blue-albumin clearance. Isoprenaline, up to 100 
nM, caused apparently concentration-related inhibition 
(ECs0 21 nM, 95% c.i. 7.4-59 nM, n = 5), but increas- 
ing the concentration to 1 IzM caused no greater 
inhibition (maximum 64% inhibition, Fig. 2a). Salbuta- 
mol (10 nM-1  ~zM) caused a concentration-related 
inhibition of thrombin-stimulated Evans blue-albumin 
clearance (Fig. 2b) with an ECs0 of 62 nM (95% c.i. 
23-162 nM, n = 4). At 1 /zM, salbutamol reduced 
clearance to below control levels, and there was no 
greater reduction in Evans blue-albumin clearance at 
10/~M salbutamol. Salmeterol (10 nM-1  /zM) caused 
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Fig. 1. (a) The effect of thrombin (10 U . m l - 1 ) ,  l ipopolysaccharide 
(LPS, 50 /zg.ml  1), U46619 (1 /zM), hydrogen peroxide (H202 ,  1 
mM) and sodium nitroprusside (SNP, 10 tzM) on Evans blue-al- 
bumin clearance across CPAE monolayers.  (b) The concentration-re- 
sponse relationship of the effect of thrombin on albumin clearance. 
Ordinate shows change in clearance rate above basal clearance 
( /x l .h-1) .  Data  are represented as mean_+S.E.M. (n = 5-8).  * P < 
0.05, * * P < 0.01, denotes  significant differences from the vehicle 
control (la:  Dunnet t ,  lb: Kruskal-Wallace). 
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Fig. 2. The inhibitory concentration-effect curves for (a) isoprenaline, 
(b) salbutamol or, (c) salmeterol against thrombin (10 U . m l - I )  - 
s t imulated Evans blue-albumin clearance across CPAE monolayers. 
The ordinate shows change in clearance rate above basal clearance 
( / z l . h - l ) .  The open and solid columns (C and T) show unst imulated 
and thrombin-st imulated controls respectively. The  graph shows 
clearance st imulated by thrombin in the presence of isoprenaline, 
salbutamol or salmeterol (log M), Data  are represented as mean + 
S.E.M. (n = 4-6).  * * P < 0.01, denotes significant difference from 
the thrombin-st imulated control (Dunnett) .  

a concentration-related inhibition of thrombin-stimu- 
lated Evans blue-albumin clearance (Fig. 2c) with an 
ECs0 of 2.7 nM (95% c.i. 0.50-14 nM, n = 6). At 1 
/xM, salmeterol reduced clearance to below control 
levels, and there was no greater reduction in Evans 
blue-albumin clearance at 10/xM. 

Neither the /3t-adrenoceptor agonist, RO-363 (1 
nM-10  ~M), nor the /33-adrenoceptor agonist, CL- 
316,243 (0.1 nM-10  ~M), significantly affected throm- 
bin-stimulated Evans blue-albumin clearance across 
CPAE monolayers (Fig. 3). 

As the maximal inhibition obtained with isopren- 
aline, salbutamol and salmeterol appeared to differ 
markedly, the effects of a maximally-effective concen- 
tration of each agent (1 izM) on thrombin (10 U" 
ml-1)-stimulated Evans blue-albumin clearance were 
compared within a single series of experiments (all 
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]Fig. 3. The effects of (a) RO-363 and (b) CL-316,243 on thrombin (10 
U . m l  1)-stimulated Evans blue-albumin clearance across CPAE 
monolayers.  The  ordinate shows change in clearance rate above 
basal clearance ( /x l .h-1) .  The open and solid columns (C and T) 
show unst imulated and thrombin-st imulated controls respectively. 
The graphs show clearance st imulated by thrombin in the presence 
of RO-363 or CL-316,243 (log M). Data  are represented as mean_+ 
S.E.M. (n = 6). NS, denotes  no significant difference (P  > 0.05) from 
the thrombin-st imulated control (Dunnett) .  

drugs compared on the same plate). In these experi- 
ments, isoprenaline, salbutamol and salmeterol caused 
49%, 81% and 72% inhibition of the response to 
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Fig. 4. A comparison of maximally effective concentrat ions (1 /zM) of 
isoprenaline, salbutamol and salmeterol against thrombin (10 U- 
ml l)-stimulated Evans blue-albumin clearance across CPAE mono- 
layers. The  open column (C) shows unst imulated control. The solid 
columns (T) show change in clearance st imulated with thrombin. NS, 
denotes  no significant difference ( P  > 0.05) from the isoprenaline- 
treated monolayers (Duncan).  
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Fig. 5. Inhibitory effect of  isoprenaline on thrombin (10 U . m l  I)_ 
st imulated Evans blue-albumin clearance across CPAE monolayers 
in the presence and absence of ICI-118,551. The ordinate shows 
change in clearance rate above basal clearance (p. l .h-Z) .  The open 
and solid columns (C and T) show unst imulated and thrombin- 
st imulated controls respectively. The graphs show change in clear- 
ance st imulated by thrombin in the presence of isoprenaline (o) 
alone, and in the presence of ( • ) 0.01 /x M ICI- 118,551, ( • ) 0.1 # M 
ICI-118,551 and ( v )  1 kLM 1CI-118,551. Data are represented as 
mean +S.E.M. (n = 5). 

thrombin respectively (Fig. 4). However, there were no 
significant differences between the changes in clear- 
ance rates induced by these three/3-adrenoceptor  ago- 
nists. 

3.4. Effect oflCI-118,551 on the inhibition of thrombin- 
stimulated Euans blue-albumin clearance by isoprenaline 

ICI-118,551 (0.1 and 1 p~M) antagonised the re- 
sponse to isoprenaline in a concentration-related man- 
ner (Fig. 5), causing a rightward shift of the concentra- 
tion-response curve, with no significant change in the 
maximal response to isoprenaline. The pK B for IC1- 
118,551 was 8.40 (95% c.i. 7.87-8.93). There was no 
significant difference in p K  B values calculated at 0.1 
/zM or 1 /xM ICI-118,551. IC1-118,551 (1 # M)  alone 
had no significant effect on either basal or thrombin 
(10 U" ml -  ~)-stimulated Evans blue-albumin clearance 
(control change in c l e a r a n c e = - 0 . 6 + 0 . 3  /x l -h  ~, 
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4 I ]  * r U T  o 'l ' I'J 
-2 

Control Salbut RO363 
Iso Salmet CL316.243 

Fig. 6. The  effect of  /3-adrenoceptor agonists (1 /xM) on Evans 
blue-albumin clearance across CPAE monolayers in the absence of 
thrombin.  The ordinate shows change in clearance rate above basal 
clearance (Fzl.h i). * p < 0.05, * * P < 0.01, denotes  significant dif- 
ference from the control (Dunnett) .  
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Fig. 7. The effect of salmeterol (1 /xM) on hydrogen peroxide 
(H 202,1 mM)-stimulated Evans blue-albumin clearance across CPAE 
monolayers. The ordinate shows change in clearance rate above 
basal clearance (/xl-h i). The open column (C) shows unstimulated 
control. The solid columns (H) show change in clearance stimulated 
with hydrogen peroxide. * P  < 0.05, denotes significant difference 
from the hydrogen peroxide-stimulated control (Student t). 

ICI-118,551 = 0.2 + 0.6 ~1. h -1, thrombin = 10.2 + 1.7 
pA • h -1, thrombin + ICI-118,551 = 10.1 + 0.8 /~1 • h -1, 
n = 6). 

3.5. Effect of [3-adrenoceptor agonists on unstimulated 
Evans blue-albumin clearance 

We investigated whether any of the/3-adrenoceptor 
agonists were capable of increasing Evans blue-al- 
bumin clearance, by measuring their effects in the 
absence of thrombin. Isoprenaline (1 /xM), salbutamol 
(1 /xM) and salmeterol (1 ~M) all caused small, but 
significant (P < 0.05), reductions in the Evans blue-al- 
bumin clearance rate in the absence of thrombin. In 
contrast, neither RO-363 (1 /zM) nor CL-316,243 (1 
~M) had any effect on unstimulated Evans blue-al- 
bumin clearance (Fig. 6). 

3.6. Effect of salmeterol on hydrogen peroxide-stimulated 
albumin clearance 

To investigate whether the action of salmeterol was 
specific to thrombin, we examined the effect of salme- 
terol (1 /zM) against hydrogen peroxide (1 /xM). Sal- 
meterol significantly inhibited the increase in Evans 
blue-albumin clearance stimulated by hydrogen perox- 
ide (Fig. 7). 

4. Discussion 

In this study, we have investigated endothelial albu- 
min permeability in vitro in the absence of complicat- 
ing factors such as haemodynamic effects and the in- 
volvement of cellular inflammatory processes, and in 
the absence of osmotic, oncotic or hydrostatic pressure 
gradients. In agreement with previous reports, throm- 

bin increased the permeability of CPAE monolayers to 
albumin. The action of thrombin is dependent on 
inter-endothelial cell gap formation without actual loss 
of the endothelial cells (Laposata et al., 1983). Throm- 
bin's action appears to be receptor-mediated, as its 
effect may be mimicked by thrombin receptor activat- 
ing peptide (Minnear et al., 1993). In addition to 
changes in endothelial permeability being involved in 
atherosclerosis (Ross, 1986), thrombin-induced changes 
in endothelial permeability have been associated with 
inflammatory reactions involving increased vascular 
leakage (Malik and Fenton, 1992). Thrombin, there- 
fore, provides a good stimulus against which permeabil- 
ity-reducing agents may be tested. Ideally, other medi- 
ators such as bradykinin and substance P would also 
have been investigated; however, we have previously 
shown that CPAE monolayers do not respond to these 
mediators (Allen and Cox, 1993). The lack of response 
to some of the classical inflammatory mediators may 
be due to kinetics; endothelial gap formation in vivo in 
response to histamine, for example, is transient (Wu 
and Baldwin, 1992) and could possibly be missed when 
measuring albumin clearance over a 1 h period. Quan- 
tification of transient changes in endothelial permeabil- 
ity in vitro is difficult, as changes in absorbance of the 
abluminal fluid over short periods cannot be measured 
exactly. We did, however, also observe an increase in 
permeability induced by hydrogen peroxide (see below), 
an inflammatory mediator released from neutrophils 
which is known to cause disruption of the endothelium 
(Weiss et al., 1981). The failure to show an effect of 
lipopolysaccharide may, again, be due to the time- 
course of our experiments as Berman et al. (1993) 
showed that lipopolysaccharide increased albumin per- 
meability of bovine aortic endothelial ceils in vitro, but 
only after at least 4 h exposure. The lack of response to 
classical inflammatory mediators could, however, possi- 
bly reflect a true distinction in endothelial response 
between the pulmonary vascular bed and other vascu- 
lar beds. 

There have been previous reports on /3-adrenocep- 
tor mediated reduction in endothelial permeability, but 
most have only used high concentrations of agonist. 
Langeler and Van Hinsbergh (1991) reported that iso- 
prenaline (10 /zM) reduced the basal passage of 
horseradish peroxidase across monolayers of human 
umbilical vein endothelial cells, an effect reversed by 
propranolol (10 /zM). Minnear et al. (1989) demon- 
strated that isoprenaline (2 /~M) reduced both basal 
and thrombin-stimulated albumin clearance across 
bovine pulmonary artery endothelial cells, an effect 
also inhibited by propranolol (20 /xM). Similar results 
were obtained by Gudgeon and Martin (1989), who 
demonstrated that isoprenaline (20 ~M) reduced phor- 
bol ester-stimulated albumin clearance across pig aor- 
tic endothelial monolayers, an effect reversed by pro- 
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pranolol (20 /~M). Using these high concentrations of 
isoprenaline, both Minnear et al. (1989) and Gudgeon 
and Martin (1989) showed a similar degree of inhibi- 
tion of mediator-stimulated albumin clearance as the 
maximal inhibition by isoprenaline observed in the 
present study. Minnear et al. (1993) also found that the 
/32-adrenoceptor agonist, terbutaline, reduced endothe- 
lial permeability, though this was only tested at 1 /xM. 
Minnear et al. (1993) showed that ICI 118,551, but not 
the /3t-antagonist ICI 89406, antagonised the effect of 
isoprenaline, and therefore suggested that this pro- 
vided evidence for the involvement of /32-adrenocep- 
tors. However, the antagonists were used at 10 /zM, 
where selectivity may not be assured. In radioligand 
binding studies, Minnear et al. (1993) showed that the 
majority of the receptors on bovine pulmonary artery 
endothelial cells were of the/32 subtype, though there 
was a small population of /3x-adrenoceptors (11% of 
total/3-adrenoceptors). Though we have produced clear 
evidence that it is the /32-subtype that mediates a 
reduction of endothelial permeability, we found no 
evidence that /31-adrenoceptors modulate the perme- 
ability of the endothelium. 

Zink et al. (1993) are the only workers to have 
previously reported concentration-response relation- 
ships for /3-adrenoceptor agonists. Our work differs 
from that previous report in several important aspects: 
We have shown that agonists at /32-adrenoceptors are 
capable of reducing not only basal permeability, but 
also of antagonising the increased permeability in- 
duced by agents such as thrombin. Zink et al. found 
that, while formoterol had the expected potency consis- 
tent with effects at/32-adrenoceptors, isoprenaline had 
only weak potency. In our study, we found that the 
relative potencies of isoprenaline, salbutamol and sal- 
meterol are as expected for an action through /32- 
adrenoceptors. Additionally, though Zink et al. sug- 
gested that, because formoterol reduced endothelial 
permeability, it is the /32-adrenoceptors that mediate 
the reduction in permeability, they did not rule out 
additional involvement of either/31 or/33 receptors. 

We have extended previous observations by demon- 
strating that isoprenaline and the selective /3z-adreno- 
ceptor agonists, salbutamol and salmeterol, can inhibit 
thrombin-stimulated Evans blue-albumin clearance 
even at sub-micromolar concentrations. The potency of 
isoprenaline is consistent with an action through either 
/31-, /32- or /33-adrenoceptors. The high potencies of 
salbutamol and salmeterol are consistent with effects 
at /32-adrenoceptors. Salmeterol was the most potent 
of the /3-adrenoceptor agonists tested. 

Isoprenaline, salbutamol and salmeterol all caused 
small, but significant, reductions in the permeability of 
unstimulated monolayers, suggesting that there is a 
degree of permeability tone in this system that may be 
reversed by/3-adrenoceptor agonists. This is consistent 

with the findings of Minnear et al. (1989) and Langeler 
and Van Hinsbergh (1991). However, the reduction in 
permeability in the absence of any permeability-en- 
hancing agent was smaller than that observed when 
permeability had been enhanced by thrombin. 

RO-363 is a potent and selective /31-adrenoceptor 
agonist (McPherson et al., 1984) and CL-316,243 is a 
potent and selective /33-adrenoceptor agonist (Bloom 
et al., 1992). However, neither RO-363 nor CL-316,243 
had any effect on thrombin-stimulated Evans blue-al- 
bumin clearance, suggesting that neither /31- nor /33- 
adrenoceptors reduce the permeability of bovine pul- 
monary artery endothelium. Additionally, neither agent 
affected permeability in the absence of thrombin, sug- 
gesting neither /3t- nor /33-adrenoceptors cause any 
increase in permeability of this endothelium. 

The rank order of agonist potencies: salmeterol > 
isoprenaline > salbutamol >> RO-363 -- CL316,243, is 
clearly consistent with a key role for/32-adrenoceptors 
in the reduction of endothelial permeability by these 
agonists. 

Further support for the involvement of /32-adreno- 
ceptors was provided by ICI-118,551, a potent and 
selective antagonist. ICI-118,551 antagonised the in- 
hibitory effect of isoprenaline on thrombin-induced 
Evans blue-albumin clearance, with a pK B consistent 
with isoprenaline acting exclusively at /32-adrenocep- 
tors. Testing a selective antagonist against a non-selec- 
tive agonist should reveal if there is more than one 
receptor subtype involved; we saw no evidence to sug- 
gest the involvement of any subtype other than the 
/32-adrenoceptor. These observations extend those of 
Minnear et al. (1993), and demonstrate that ICI-118,551 
antagonises the effect of isoprenaline with a potency 
indicative of action at /32-adrenoceptors. 

In individual series of experiments, salbutamol and 
salmeterol appeared to produce a greater degree of 
inhibition than isoprenaline. However, when compared 
within a single series of experiments, we observed no 
significant difference in the degree of inhibition. The 
initial difference observed in the individual series of 
experiments may be due to the difference in the magni- 
tude of the response to thrombin between experimen- 
tal series - a variable excluded when comparing the 
agonists within a single series of experiments. 

We investigated whether agents other than throm- 
bin could increase permeability of CPAE monolayers. 
Hydrogen peroxide, which increases permeability of 
porcine pulmonary artery endothelial monolayers (Sut- 
torp et al., 1993), increased permeability to a similar 
degree to that by thrombin. However, U46619, 
lipopolysaccharide and sodium nitroprusside were all 
without an affect on permeability. Salmeterol inhibited 
the response to hydrogen peroxide, showing that its 
effects are not specific to thrombin-stimulated in- 
creases in endothelial permeability. 
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S t u d i e s  h a v e  s h o w n  tha t  s e l ec t ive  / 3 2 - a d r e n o c e p t o r  

agon i s t s  m a y  r e d u c e  p l a s m a  p r o t e i n  e x t r a v a s a t i o n  in 

v ivo  (Svens j6  e t  al., 1977; W h e l a n  a n d  J o h n s o n ,  1992). 

A s  d e s c r i b e d  ea r l i e r ,  t h e  m e c h a n i s m s  u n d e r l y i n g  in 

v ivo  o b s e r v a t i o n s  a r e  d i f f icu l t  to  i n t e rp r e t .  O u r  resu l t s  

sugges t  tha t ,  in t h e  b o v i n e  p u l m o n a r y  c i r cu la t ion ,  t h e  

/ 3 2 - a d r e n o c e p t o r  sub type  a l o n e  d i rec t ly  m o d u l a t e s  en-  

d o t h e l i a l  p e r m e a b i l i t y ,  w i th  no  a p p a r e n t  ro l e  for  e i t h e r  

t h e  /31- o r  f l s - a d r e n o c e p t o r s .  I t  r e m a i n s  to be  s e e n  

w h e t h e r  this  a lso  app l i e s  to  h u m a n  v a s c u l a r  e n d o t h e l i a l  

p e r m e a b i l i t y .  O n e  c a v e a t  t ha t  m u s t  be  a p p l i e d  to  ex- 

p e r i m e n t s  p e r f o r m e d  on  e n d o t h e l i a l  p e r m e a b i l i t y  is 

t ha t  t h e y  a re  g e n e r a l l y  p e r f o r m e d  on  e n d o t h e l i a l  ce l ls  

f r o m  la rge  vessels ,  d u e  to  t h e  d i f f icu l ty  in t h e  i so l a t i on  

a n d  c u l t u r e  o f  su f f i c i en t  q u a n t i t i e s  o f  e n d o t h e l i a l  ce l ls  

f r o m  pos t - cap i l l a ry  venu l e s .  W h i l e  this  is n o t  a p r o b l e m  

in m o d e l l i n g  p e r m e a b i l i t y  o f  l a rge  vesse ls ,  t h e r e  is no t  

ye t  su f f i c i en t  e v i d e n c e  to  i nd i ca t e  h o w  far  t h e s e  resu l t s  

can  b e  e x t r a p o l a t e d  to t h e  pos t - cap i l l a ry  venu l e .  

In  s u m m a r y ,  t h e s e  resu l t s  c l ea r ly  d e m o n s t r a t e  tha t  

a c t i va t i on  o f  / 32 -ad renocep to r s ,  bu t  no t  /31- o r  /33- 

a d r e n o c e p t o r s ,  d i r ec t ly  r e d u c e s  t h e  p e r m e a b i l i t y  o f  

b o v i n e  p u l m o n a r y  a r t e ry  e n d o t h e l i a l  m o n o l a y e r s .  Sub-  

m i c r o m o l a r  c o n c e n t r a t i o n s  o f  i s o p r e n a l i n e ,  s a l b u t a m o l  

a n d  s a l m e t e r o l  a r e  c a p a b l e  o f  s ign i f i can t ly  a t t e n u a t i n g  

t h r o m b i n - i n d u c e d  i n c r e a s e s  in e n d o t h e l i a l  E v a n s  b lue -  

a l b u m i n  p e r m e a b i l i t y .  
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