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1 Some animal studies suggest that f-adrenoceptor-mediated vasorelaxation is in part mediated
through nitric oxide (NO) release. Furthermore, in humans, we have recently shown that forearm
blood flow is increased by infusion of f,-adrenergic agonists into the brachial artery, and the nitric
oxide synthase (NOS) inhibitor N°-monomethyl-L-arginine (L-NMMA) inhibits this response.

2 The purpose of the present study was to determine whether stimulation of human umbilical vein
endothelial f-adrenoceptors causes vasorelaxation and nitric oxide generation, and whether this
might be mediated by cyclic adenosine-3',5-monophosphate (cyclic AMP).

3 Vasorelaxant responses were determined in umbilical vein rings to the nonselective f-adrenergic
agonist isoprenaline and to the cyclic AMP analogue dibutyryl cyclic AMP, following
precontraction with prostaglandin F,.

4 NOS activity was measured in cultured human umbilical vein endothelial cells (HUVEC) by the
conversion of [*H]-L-arginine to [*H]-L-citrulline, and adenylyl cyclase activity by the conversion of
[2-**P]-ATP to [**P]-cyclic AMP.

5 Isoprenaline relaxed umbilical vein rings, and this vasorelaxation was abolished by f,- (but not
p1-) adrenergic blockage, and by endothelium removal or I mM L-NMMA. In addition, vasorelaxant
responses to dibutyryl cyclic AMP were inhibited by | mM L-NMMA, with a reduction in E,,,, from
90.0+9.3% to 50.54+9.9% (P <0.05).

6 Isoprenaline 1 uM increased NOS activity in HUVEC (34.0+5.9% above basal, P<0.001).
Furthermore, isoprenaline increased adenylyl cyclase activity in a concentration-dependent manner;
this response was inhibited by f, (but not f;-) adrenergic blockade. Forskolin 1 uM and dibutyryl
cyclic AMP 1 mM each increased NOS activity in HUVEC, to a degree similar to isoprenaline 1 uM.
The increase in L-arginine to L-citrulline conversion observed with each agent was abolished by co-
incubation with NOS inhibitors.

7 These results indicate that endothelial f,-adrenergic stimulation and cyclic AMP elevation
activate the L-arginine/NO system, and give rise to vasorelaxation, in human umbilical vein.
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Introduction

Stimulation of f-adrenoceptors on vascular smooth muscle
results in vasorelaxation, through activation of adenylyl
cyclase and a consequent increase in cyclic adenosine-3',5'-
monophosphate (cyclic AMP) intracellularly (Kuriyama et
al., 1982). Vascular endothelial cells also may express f-
adrenoceptors (Steinberg et al., 1984; Buxton et al., 1987;
Summers et al., 1987; Howell et al., 1988; Molenaar et al.,
1988; Lefroy et al., 1993), although their physiological
function, if any, remains unclear. Evidence is accumulating,
however, that the vascular endothelium may facilitate or
mediate f[-adrenergic vasorelaxation. We have previously
reported that f-adrenoceptor-mediated relaxation is in part
endothelium dependent in the rat mesenteric artery (Graves
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& Poston, 1993) and pulmonary artery (Priest et al., 1997).
This is in agreement with other reports which have
demonstrated in vitro that relaxation to isoprenaline in
systemic vessels is impaired by removal of the endothelium
(Rubanyi & Vanhoutte, 1985; Kamata et al., 1989; Gray &
Marshall, 1992) or inhibition of nitric oxide (NO) synthesis
(Gray & Marshall, 1992; Blankesteijn & Thien, 1993).
Furthermore, in vivo studies in cat hindlimb (Gardiner et
al., 1991), newborn pig pial artery (Rebich et al., 1995) and
canine coronary artery (Parent et al., 1993) support a role of
the vascular endothelium in f-adrenergic vasorelaxation. In
contrast, Moncada et al. (1991) have found no evidence of
endothelium dependence on isoprenaline-induced vasorelaxa-
tion and two independent studies of isolated canine coronary
arteries have also suggested that f-adrenoceptor-mediated
vasorelaxation is endothelium-independent (Macdonald ez al.,
1987; Béa et al., 1994).
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Few studies have investigated the function of endothelial -
adrenoceptors in human vasculature. Molenaar et al. (1988)
found that isolated human internal mammary artery en-
dothelium expresses f-adrenoceptors, as shown by autoradio-
graphy, but endothelial denudation did not affect relaxation to
isoprenaline. We have recently reported that infusion of either
isoprenaline or of the fi,-adrenoceptor agonist salbutamol into
the brachial artery of human subjects induces an increase in
forearm blood flow, and that co-infusion of the nitric oxide
synthase (NOS) inhibitor N%monomethyl-L-arginine (L-
NMMA) inhibits the response to either drug (Dawes et al.,
1997).

In the present study, we examined whether in vitro
stimulation of f-adrenoceptors in isolated human umbilical
vein causes endothelium-dependent vasorelaxation, whether
this occurs through activation of the L-arginine/NO pathway,
and the mechanism involved. Human umbilical vein endothe-
lial cells (HUVEC) are widely available and extensively used
for biochemical and pharmacological studies of human
endothelial cells. We examined vasodilatory responses of
isolated rings of human umbilical vein to f-adrenoceptor
stimulation or to cyclic AMP elevation by other means, and
the effect on these responses of endothelium removal or NOS
inhibition. We further investigated adenylyl cyclase and NOS
activities in HUVEC in response to ff-adrenoceptor activation
or to other cyclic AMP-elevating agents. Experiments were
also performed to determine whether f-adrenergic stimulation
evoked changes in calcium concentration within the endothe-
lial cells. This protocol provided a comparison of biochemical
measures of f-adrenoceptor function in HUVEC with
functional f-adrenergic responses in the intact vessel.

Methods

Fresh umbilical cords were obtained following delivery of
healthy babies to healthy normotensive mothers, either by
vaginal delivery or by elective Caesarean section. Approval
was granted by the Research Ethics Committee, St Thomas’
Hospital, London, U.K.

Functional responses of umbilical vein rings

Umbilical vein was dissected from the middle portion of the
umbilical cord, cut into 2—3 mm rings and mounted in 3 mL
organ baths containing Krebs buffer of the following
composition (mM): NaCl 125, KCl 4.8, NaHCO; 25, KH,PO,
1.2, MgSO, 1.2, glucose 11, EDTA 0.3, CaCl, 2.5, pH 7.4
(gassed with 95% O,/5% CO, 37°C). Preliminary length-
tension curves suggested that a resting tension of 2 g gave
optimal contractile responses to KCl 45 mM, therefore this
level of resting tension was used in all experiments.

Once stable and reproducible contractions were obtained
with KCI1 45 mM, rings were contracted with prostaglandin F,,
0.5-0.75 uM, the concentration chosen being that required to
elicit approximately 70% of the KCl-induced tension. The
presence of functional endothelium was confirmed by the
demonstration of >60% relaxation in response to acetylcho-
line 1 uM.

Following washout, rings were contracted once again with
the same concentration of prostaglandin F,,, and relaxant
concentration-effect curves were determined to isoprenaline
(concentration range 107°—-10"* M) or to the membrane-
permeable non-hydrolysable cyclic AMP analogue dibutyryl
cyclic AMP (concentration range 10~7—103 M), with incre-
mental additions at 2 min intervals. After washout, rings were

once again contracted with prostaglandin F,,, and repeat
concentration-effect curves determined to isoprenaline or to
dibutyryl cyclic AMP, following preincubation with one of the
following: L-NMMA 1 mMm; CGP 20712A 300 nM, a selective
pi-adrenoceptor antagonist (Kaumann, 1986); ICI 118551
100 nM, a selective f,-adrenoceptor antagonist (Bilski et al.,
1983; Lemoine et al., 1985); or the combination of CGP
20712A 300 nMm and ICI 118551 100 nM. Preliminary
experiments showed that repeated exposures of these rings to
isoprenaline or to dibutyryl cyclic AMP in the absence of any
antagonists did not give rise to tachyphylaxis. Concentration-
effect curves to isoprenaline were determined simultaneously
in rings of umbilical vein from the same cord whose
endothelium had been removed by gently passing a mental
rod along the lumen; endothelial denudation was confirmed in
these rings by the absence of a relaxant response to
acetylcholine 1 uM.

Isolation and culture of HUVEC

Following delivery, the umbilical vein was cannulated and
flushed with 30 mL warm Dulbecco’s phosphate-buffered
saline (PBS), following which the cord was clamped at the
distal end and the vessel filled with medium 199 with added
collagenase (Type 11, EC 3.4.24.3, 1 mg ml~"), until mildly
distended. Following incubation at 37°C (15 min), the cord
was unclamped and the digest drained. The vessel was gently
massaged and flushed through with a further 30 mL
Dulbecco’s PBS, and the digests were pooled. The resultant
endothelial cell suspension was centrifuged (400 x g, 5 min),
and the cell pellet was resuspended in medium 199 with Earle’s
salts supplemented with penicillin 500 IU ml~"', streptomycin
500 ug ml~', fungizone 1.25 ug ml~' glutamine 2 mm, foetal
bovine serum 20%, heparin 0.01% (Grade 1A) and endothelial
cell growth supplement 120 ug ml~' (derived from bovine
neural tissue). This suspension was seeded into a 25 mL
gelatin-coated culture flask.

Monolayer cultures of cells were grown at 37°C in an
atmosphere of 95% air and 5% CO,. At confluence, cells were
detached from the substratum by brief exposure to trypsin-
EDTA (2 min at 37°C), pelleted (400 x g, 5 min) and passaged
at a split ratio of 1:3. Confluent cells at passage 3 were used
for all experiments. The presence of a pure population of
HUVEC at confluence was confirmed both by their character-
istic cobblestone morphology under phase-contrast micro-
scopy and by positive direct immunofluorescence staining for
von Willebrand factor and negative immunofluorescence
staining for smooth muscle a-actin.

Evaluation of NOS activity

Conversion of radiolabelled L-arginine to L-citrulline was
determined by a modification of the method of Brown et al.
(1996). Confluent HUVEC at passage 3 in 24-well plates were
washed twice with 1 mL balanced salt solution (BSS) buffer, of
the following composition (mM): NaCl 125, KCI 5.4, NaHCO;
16.2, HEPES 15, NaH,PO, 1, MgSO, 0.8, CaCl, 1.8, glucose
5.5 (pH 7.4). Following incubation for 20 min with 3 uCi ml~!
[*H]-L-arginine (57 Ci mmol~!) in 200 uL of BSS at 37°C, in
an atmosphere of 95% air and 5% CO,, L-NMMA 0.1 mM, or
vehicle was added for a further 10 min. Agonists (isoprenaline
1 uM, forskolin 1 uMm, dibutyryl cyclic AMP 1 mM or
histamine 10 uM) or vehicle were then added and the
incubation continued for another 10 min. Incubations were
stopped by aspiration of the incubate, washing with 3 x 1 mL
of ice-cold BSS without Ca®>" and addition of 0.5 mL of ice-



1874 A. Ferro et al

Endothelial s-adrenoceptors and nitric oxide

% Relaxation
-1 0-

0 St

10+

204

304

40-

T T T T T T

-9 -8 -7 -6 -5 -4
Log,¢ [Isoprenaline] (M)

= Control

o + CGP 20712A

« + |Cl 118551

o + CGP 20712A + ICi 118551

% Relaxation
-104

0_

104

201

30+

40-

4 8 7 6 5 -4

Logqg [Isoprenaline] (M)

=+ Endothelium, L-NMMA absent
4 + Endothelium, L-NMMA present
e - Endothelium, L-NMMA absent

[

% Relaxation

T T T T

7 6 5 -4 -3
Log,, [Dibutyryl cAMP] (M)

= + Endothelium, L-NMMA absent
4+ Endothelium, L-NMMA present

Figure 1 Mean +s.e.mean vasorelaxant responses in human umbilical vein rings. Responses are plotted as the percentage of the
response to prostaglandin F,,. (a) Concentration-effect curves in vascular rings with intact endothelium, in response to isoprenaline
alone (n=17), in the presence of CGP 20712A 300 nMm (n=09), in the presence of ICI 118551 100 nm (n=38), and in the presence of
CGP 20712A 300 nm +ICI 118551 100 nm (n=17). (b) Concentration-effect curves to isoprenaline, with intact endothelium (n=17)
or following de-endothelialization (n=38), or to isoprenaline with intact endothelium in the presence of L-NMMA 1 mm (n=9). (c)
Concentration-effect curves to dibutyryl cyclic AMP in vascular rings with intact endothelium, in the absence or presence of L-

NMMA | mM (n=7).

cold 0.5 M trichloroacetic acid. After 2 h on ice, the extract
was washed x 3 with 2 mL of water-saturated diethylether,
0.25 mL of the aqueous phase was removed and mixed with
0.75 mL 20 mMm HEPES (pH 6.0). This extract was then
applied to a I mL column of Dowex (Na™ form), citrulline was
eluted with water (4 mL) and arginine with 0.1 M NaOH
(4 mL). [PH]-L-arginine and L-citrulline in the different
fractions were measured by liquid scintillation counting.
Results were corrected for protein concentrations in the
corresponding cellular extracts.

Measurement of cytoplasmic Ca®*

In order to determine whether f-adrenoceptor activation
changes intracellular Ca®>" concentration in HUVEC and so,
indirectly, NOS activity, experiments were performed to
examine changes in cytoplasmic calcium concentration using
the fluorescent dye fura-2-AM. The method was a modification
of that described by Graier et al. (1990). HUVEC grown to
confluence on 35 mm Petri dishes (n =4) were preincubated for
20 min at 37°C with 5 uM fura-2-AM in BSS. Cells were then
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washed with BSS and left at 37°C for a further 15 min. They
were then perfused with BSS containing isoprenaline 1 uMm,
histamine 10 uM or vehicle, and fura-2 fluorescence was
continuously measured (excitation at 340 and 380 nm,
emission at 530 nm). The ratio of emission following excitation
at 340 nm to that following excitation at 380 nm was taken as
an index of intracellular Ca®".

Cyclic AMP assay

Confluent HUVEC in 24-well plates were washed x3 with
BSS, then allowed to equilibrate for 20 min in 0.5 mL BSS at
37°C. Cells were then exposed to agonist or vehicle for 6 min,
and the reaction stopped by removing the supernatant and
adding 1 mL of 65% ice-cold ethanol. The residue was
harvested using a cell scraper and the ethanol evaporated.
Cyclic AMP was extracted and measured using a proprietary
enzymeimmunoassay Kit.

Adenylyl cyclase assay

Confluent HUVEC at passage 3 were harvested in Dulbecco’s
PBS (without Ca®* or Mg?") using a cell scraper, pelleted

Table 1 Vaserelaxant potency and efficacy of isoprenaline
and dibutyryl cyclic AMP, and the effect of L-NMMA 1 mMm

—log ECs Enax
(M) (% of PGF,, contraction)
L-NMMA L-NMMA L-NMMA L-NMMA
absent present absent present
Isoprenaline 7.1+0.3 - 248+1.5 6.940.9%**
n=9)
Dibutyryl cAMP 53+0.3 54+04 90.0+9.3 50.5+9.9*
(n=7)

Results are expressed as mean+s.e.mean. *P<0.05 and
***P<0.001 resepctively vs agonist in the absence of
L-NMMA.

% Change in [3H]

(400 x g, 10 min) and homogenized at 4°C in 25 mM Tris-HCI
buffer pH 7.4, containing sucrose 0.29 M and EDTA 0.25 mM.
Homogenates were stored at —80°C until use.

Adenylyl cyclase activity was measured in HUVEC
homogenates using a method modified from Salomon et al.
(1974). Determinations were performed in triplicate at 37°C
in 50 mM Tris-HCI buffer pH 7.4 containing sucrose 87 mM,
magnesium acetate 5 mM, cyclic AMP 1 mMm, GTP 4 um,
creatine phosphate 20 mM, creatine kinase 10 IU, Ro20-1724
0.25 mM (a cyclic AMP-specific phosphodiesterase inhibitor),
[-*P]-ATP 1 mM (3 uCi/reaction mixture) and 30 ug
homogenate protein in a reaction volume of 100 uL.. When
indicated, forskolin 10 uM or isoprenaline (concentration
107°~107° mM) with or without 300 nMm CGP 20712A or
50 nM ICIT 118551 were added. The reaction was terminated
after 20 min by the addition of 800 uL 6.25% ice-cold
trichloroacetic acid, and [*H]-cyclic AMP (approximately
10,000 c.p.m.) was added. ATP and cyclic AMP were
separated chromatographically using Dowex and alumina
columns, and *P and *H measured by liquid scintillation
counting. The percentage fractional recovery of cyclic AMP
(50-70%) was determined from the recovery of [*H]-cyclic
AMP. Adenylyl cyclase activity (pmol cyclic AMP
min~' mg~' protein) was derived from the **P activity
associated with the cyclic AMP fraction in the eluate from
the columns, which was corrected for the fractional recovery
of [*H]-cyclic AMP.

Table 2 Intracellular [*H}-L-citrulline/[*H}-L-arginine
ratio in HUVEC following different treatments

Control Isoprenaline  Forskolin ~ Dibutyryl cyclic
(n=39) (n=21) (n=16) AMP (n=12)
0.40+0.04 0.52+0.04* 0.53+0.05*  0.54+0.06*

Results are expressed as meants.e.mean. *P<0.05 vs

control.
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Figure 2 [*H]-L-citrulline production from [*H]-L-arginine in HUVEC, expressed as percentage change (mean+s.e.mean) from
control values, either in the absence (open bars) or presence (shaded bars) of L-NMMA 0.1 mM. Responses are shown to
isoprenaline 1 uM (Isop), forskolin 1 um (Forsk), dibutyryl cyclic AMP 1 mM (DbcAMP) and histamine 10 pum (Hist). **P <0.01
and ***P<0.001 respectively, vs control. $3P<0.001 vs corresponding agonist in the absence of L-NMMA. Numbers adjacent to

bars indicate number of umbilical cords tested.
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Figure 3 [’H]-L-arginine content in HUVEC, following incubation with [*H]-L-arginine, expressed as percentage change
(mean+s.e.mean) from control values, either in the absence (open bars) or presence (shaded bars) of L-NMMA 0.1 mMm.
Responses are shown to isoprenaline 1 uM (Isop), forskolin 1 um (Forsk), dibutyryl cyclic AMP 1 mm (DbcAMP) and histamine
10 M (Hist). *P<0.05 and ***P <0.001 respectively, vs control. $1P<0.01 and {}iP<0.001 respectively, vs corresponding agonist
in the absence of L-NMMA. Numbers adjacent to bars indicate number of umbilical cords tested.

Materials

CGP 20712A was graciously provided by Ciba-Geigy Ltd
(Basel, Switzerland), ICI 118551 by Zeneca Pharmaceuticals
(Macclesfield, Cheshire, U.K.) and Ro020-1724 by Roche
Research Centre (Welwyn Garden City, Hertfordshire,
U.K.). Radiochemicals and the cyclic AMP enzymeimmu-
noassay kit were from Amersham International plc (Little
Chalfont, Buckinghamshire, U.K.). Medium 199, antibio-
tics, antimycotics, trypsin-EDTA, Dulbecco’s PBS and
foetal bovine serum were from GIBCO-BRL (Paisley,
U.K.). Protein measurements were performed using the DC
Protein Assay kit, Bio-Rad Laboratories Ltd (Hemel
Hempstead, Hertfordshire, U.K.). All other chemicals,
including antibodies used for immunofluorescence staining,
were from Sigma-Aldrich Company Ltd (Poole, Dorset,
U.K)).

Statistical analysis

Relaxant responses to increasing concentrations of isoprena-
line or dibutyryl cyclic AMP in umbilical vein rings, in the
absence or presence of antagonists, were compared by two-
way ANOVA. [*H]-L-arginine, [*H]-L-citrulline and cyclic
AMP in HUVEC following different treatments were each
compared by one-way ANOVA. Adenylyl cyclase activities
in response to increasing concentrations of isoprenaline, in
the absence or presence of antagonists, were compared by
two-way ANOVA. Statistical significance was taken as
P<0.05 (two-sided). Curves for relaxant responses in
umbilical vein rings and for adenylyl cyclase responses in
HUVEC were fitted by nonlinear regression using GraphPad
Prism version 2.01 (GraphPad Software, Inc.). All data are
expressed as mean +s.e.mean.

% Change from control

30
T na
204 T T
104 Ii
i
; 77

[*H] L-arginine
content

[3H] L-citrulline
production

Figure 4 [*H]-L-citrulline production and [*H]-L-arginine content in
HUVEC in response to isoprenaline 1 uM, expressed as percentage
change (mean+s.e.mean) from control values, either in the absence
(open bars) or presence (shaded bars) of L-NAME 0.1 mm.
**P<0.01 vs control. {{P<0.01 vs isoprenaline in the absence of
L-NAME. Results are shown for HUVEC obtained from six different
umbilical cords.

Results

Functional responses of umbilical vein rings

Isoprenaline elicited a concentration-dependent vasorelaxation
in precontracted rings with intact endothelium; this was
prevented by co-incubation with ICI 118551 100 nM either
alone or in combination with CGP 20712A 300 nM, although
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Figure 5 Ca" transients in a population of HUVEC in response to isoprenaline (Isop) 1 uM and to histamine (Hist) 10 uM, as
determined by fura-2 fluorescence; the curve shows the ratio of emission at 530 nm following excitation at 340 nm to that following

excitation at 380 nm.

CGP 20712A alone had no effect (Figure la). Relaxation was
also abolished by prior denudation of the endothelium or by
co-incubation with L-NMMA 1 mM (Figure 1b, Table 1).
Dibutyryl cyclic AMP also elicited a concentration-dependent
vasorelaxation in these rings; although log ECs, was not
affected by L-NMMA 1 mM, E,,, was significantly reduced in
its presence (Figure lc, Table 1). Contractile responses to
PGE,, were not different in the absence or presence of L-
NMMA (0.714+0.17 g and 0.79+0.22 g respectively). Relax-
ant responses to sodium nitroprusside 0.1 mM, an endothe-
lium-independent vasodilator which degrades to form NO,
were also unchanged in the absence or presence of L-NMMA
(0.734+0.20 g and 0.75+0.24 g respectively).

Evaluation of NOS activity: conversion of
[H ]-L-arginine to [>H ]-L-citrulline
Basal [*H]-L-citrulline production was 205.3+26.3 d.p.m. ug~'
protein (n=39). This increased by 34.0 +5.9% in the presence
of isoprenaline 1 uM (P<0.001). In other experiments (n=28),
cyclic GMP content as measured by radioimmunoassay
increased from 1.9740.12 pmol/10° cells in control HUVEC
to 3.47+0.12 pmol/10° cells in HUVEC following 20 min
treatment with isoprenaline 1 uM, in the presence of 1 um 3-
isobutyl-1-methylxanthine (P<0.001). This suggests that the
increased conversion of [*H]-L-arginine to [*H]-L-citrulline
observed reflects an increase in NO generation, since NO
stimulates soluble guanylyl cyclase activity.

[*H]-L-citrulline production was increased also by forskolin
1 uM or by dibutyryl cyclic AMP 1 mM, to an extent similar to
isoprenaline (Figure 2). As a positive control, histamine 10 um
increased [*H]-L-citrulline production to a greater degree
(58.2+13.8%). There was no further increase when a
combination of histamine 10 uM and isoprenaline 1 uM was
used (49.2 +14.0%), indicating a lack of any additive effect by
the two agonists on NOS activity in HUVEC. L-NMMA

Adenylyl cyclase activity
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Figure 6 Mean+s.e.mean adenylyl cyclase activity in HUVEC
homogenates (n=6) as a function of isoprenaline concentration.
Responses are shown to isoprenaline alone, isoprenaline in the
presence of CGP 20712A 300 nM, and isoprenaline in the presence of
ICI 118551 50 nm.

0.1 mM prevented the increase in [*H]-L-citrulline production
in response to all agonists tested and, in many cases, reduced
[*H]-L-citrulline production to below basal values (Figure 2).
[’H]-L-arginine content of the cells represents the sum of the
counts associated with L-arginine and those converted to L-
citrulline. [*H]-L-arginine content in control HUVEC was
518.3+103.5 d.p.m. ug~' protein (n=39), suggesting that
approximately 40% of L-arginine taken up by these cells was
converted to L-citrulline (Table 2). Accumulation of [*H]-L-



1878 A. Ferro et al

Endothelial s-adrenoceptors and nitric oxide

arginine within HUVEC was significantly increased by
isoprenaline 1 uM, forskolin 1 uM or dibutyryl cyclic AMP
I mM (Figure 3). Moreover, the ratio of intracellular [*H]-L-
citrulline to [*H]-L-arginine was significantly increased by each
of these agonists (Table 2), suggesting that the observed
increase in L-citrulline production was not caused solely by an
increase in L-arginine uptake. By contrast, histamine 10 uM
had no effect on intracellular [*H]-L-arginine content, despite
its greater effect on [*HJ-L-citrulline production than the other
agonists. L-NMMA 0.1 mMm prevented the increase in [*H]-L-
arginine accumulation in response to isoprenaline, forskolin or
dibutyryl cyclic AMP.

L-NMMA inhibits both L-arginine uptake and NOS
activity. In order to confirm that the inhibition of [*H]-L-
citrulline production by L-NMMA observed in our experi-
ments was not due simply to concomitant inhibition of L-
arginine uptake, experiments were done also using N-nitro-L-
arginine methyl ester (L-NAME) 0.1 mM, which inhibits NOS
with no effect on L-arginine uptake (Bogle et al., 1992). L-
NAME abolished the increase in [*H]-L-citrulline production
in response to isoprenaline, whereas the increase in [*H]-L-
arginine content was unaffected (Figure 4).

Measurement of cytoplasmic Ca’*

Treatment of HUVEC (n=4) with isoprenaline 1 um
consistently revealed no increase in intracellular Ca®". By
contrast, intracellular Ca®" increased transiently in response
to histamine 10 uM, used as a positive control, in all cases
(Figure 5).

Cyclic AMP assay

Cyclic AMP level in control HUVEC (n=5) was
4.140.3 pmol mg~' protein. Treatment with isoprenaline
1 uM resulted in an increase to 7.3+0.9 pmol cyclic AMP
mg~' protein (P<0.01). Forskolin 1 um elicited a larger
increase, to 54.0+8.0 pmol cyclic AMP mg~! protein

(P<0.001).
Adenylyl cyclase activity in HUVEC

Basal adenylyl cyclase activity in HUVEC homogenates
(n=06 cords, each assayed in triplicate) was 24.3+4.3 pmol
cyclic AMP min~! mg~! protein. Treatment of HUVEC
with isoprenaline elicited a concentration-dependent increase
in adenylyl cyclase activity, with E... 76.3+13.0 pmol
cyclic AMP min~' mg~! protein (P<0.001). The increase
in adenylyl cyclase activity in response to isoprenaline
was inhibited by ICI 118551 but not by CGP 20712A,
indicating involvement of f,- but not f;-adrenoceptors
(Figure 6). Forskolin 10 mM, used as a positive control,
caused a greater increase in adenylyl cyclase activity, to
143.4+255 pmol cyclic AMP min~'mg~' protein
(P<0.001).

Discussion

Previous in vitro and in vivo studies have suggested that f-
adrenoceptor-mediated vasorelaxation may have an endothe-
lium-dependent component in several animal species (Graves
& Poston, 1993; Rubanyi & Vanhoutte, 1985; Kamata et al.,
1989; Gardiner et al, 1991; Gray & Marshall, 1992;
Blankesteijn & Thien, 1993; Parent ez al., 1993; Rebich et al.,
1995; Priest et al., 1997). The present results suggest that f-

adrenoceptor-mediated vasorelaxation is completely endothe-
lium-dependent in isolated human umbilical vein, at least at
our chosen level of preconstriction. Isoprenaline induced a
concentration-dependent relaxation of this vessel, which was
abolished by removal of the endothelium or by co-incubation
with L-NMMA. This vasorelaxation was attributable to f,-
adrenoceptor subtype activation. Dibutyryl cyclic AMP also
relaxed human umbilical vein, and the maximal degree of
relaxation was higher than that achieved by isoprenaline; this
response was partially, but not completely, inhibited by L-
NMMA. This is consistent with an endothelium dependent
component to vasorelaxation, caused by activation of the L-
arginine/NO system in response to cyclic AMP elevation,
although it is likely that there is also a substantial
endothelium-independent component caused by direct eleva-
tion of cyclic AMP in vascular smooth muscle. Our studies of
isolated HUVEC in culture confirmed the presence of
functional f,-adrenoceptors, stimulation of which increased
adenylyl cyclase activity. On the basis of these findings, we
wished to determine whether f-adrenoceptor stimulation in
isolated HUVEC could activate NOS, and the signal-
transduction mechanism involved.

Stimulation of f-adrenoceptors in HUVEC with isoprena-
line elicited an increase in the conversion of L-arginine to L-
citrulline, indicating an increase in NOS activity. We have also
demonstrated that isoprenaline activates adenylyl cyclase in
HUVEC through stimulation of f,-adrenoceptors. The
increase in NOS activity in response to f-adrenergic
stimulation in HUVEC is likely to be mediated through cyclic
AMP generation, since it was mimicked by forskolin, which
elevates cytoplasmic cyclic AMP independently of fS-adreno-
ceptors, and by dibutyryl cyclic AMP, a membrane-permeable
cyclic AMP analogue. However, a maximal effect on NOS
activity appears to be attained at relatively low levels of cyclic
AMP, since forskolin increased NOS activity to a similar
extent as isoprenaline, despite an approximately 10 fold greater
effect on cyclic AMP.

Isoprenaline also increased intracellular [*H]-L-arginine
content during incubation with [*H]-L-arginine in the medium,
as did forskolin and dibutyryl cyclic AMP. Histamine, on the
other hand, did not change HUVEC [*H]-L-arginine content,
in agreement with a previous study (Sobrevia et al., 1995).
Cyclic AMP may increase intracellular L-arginine, either
through increased transport into the cell, decreased transport
out of the cell or decreased metabolic conversion within the
cell. An increase in intracellular L-arginine concentration
might give rise to increased NOS activity, as observed, due
to increased substrate availability. However, the intracellular
L-arginine concentration in HUVEC has been reported as
100—800 uM (Gold et al., 1989; Baydoun et al., 1990; Mitchell
et al., 1990), whilst the K., of the enzyme for L-arginine is
<10 pM, with maximal stimulation detected at concentrations
of L-arginine of 30—100 um (Mayer et al., 1989; Palmer &
Moncada, 1989). Nevertheless, despite saturating concentra-
tions of intracellular L-arginine, extracellular L-arginine can
increase endothelial NOS activity, and this so-called ‘arginine
paradox’ may be explained by caveolar co-localization of the
y™ transporter and NOS in these cells, thus allowing direct
transfer of extracellular L-arginine to the NOS enzyme
(McDonald et al., 1997). However, we have found that the
ratio of intracellular [*H]-L-citrulline to [*H]-L-arginine is
significantly increased by f-adrenergic stimulation or cyclic
AMP elevation in HUVEC, suggesting an increase in NOS
activity above that which can be explained simply by an
increase in L-arginine uptake. Our results also demonstrate
that, even in the basal state, approximately 40% of
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radiolabelled L-arginine (present at an extracellular concentra-
tion of approximately 50 nm) taken up by HUVEC is
converted to L-citrulline. This supports the view that
extracellular L-arginine is transferred to endothelial NOS in
preference to the general cytosolic pool of L-arginine, which is
present at much higher concentration.

Although a rise in [*H]-L-citrulline in our system following
activation of f-adrenoceptors or cyclic AMP is likely to reflect
stimulation of NOS, it is possible that it reflects instead a
decrease in argininosuccinate synthetase activity, since this
enzyme is present in HUVEC and is involved in the conversion
of L-citrulline back to L-arginine (MacAllister ez al., 1994).
However, since isoprenaline also increases cyclic GMP, which
is an indicator of NO production, it is likely that the effect on
[*H]-L-citrulline observed is due to an increase in synthesis
rather than a decrease in disposal.

Graier et al. (1992) examined the possible role of cyclic
AMP in NO formation in cultured porcine aortic endothelial
cells; they found that, whilst forskolin, adenosine or isoprena-
line (all of which stimulate cyclic AMP formation) alone did
not increase NO synthesis, they amplified the formation of NO
in response to bradykinin or ATP. This accords with the
known ability of cyclic AMP to increase cyclic guanosine-3',5'-
monophosphate (cyclic GMP) levels. Our findings in HUVEC
differ in that S-adrenergic stimulation or cyclic AMP elevation
increased NOS activity, and isoprenaline 1 uM did not increase
further the degree of activation of NOS induced by histamine
10 uMm.

Agonists which have been shown previously to promote NO
release from endothelium, including histamine, cause an influx
of extracellular Ca?* which, by promoting the binding of
calmodulin to the endothelial constitutive isoform of NOS,
leads to activation (Mayer et al., 1989; Mulsch et al., 1989).
Indeed, we have confirmed that histamine caused a transient
rise in Ca’* in HUVEC. Isoprenaline was without demon-
strable effect on Ca**, suggesting that activation of NOS by B-
adrenoceptor stimulation probably occurs by a novel
mechanism not involving Ca®>' influx and calmodulin
activation. It is unlikely to be due to activation of the
inducible (Ca?"-independent) isoform of NOS, since cultured
HUVEC have previously been found to express the endothelial
isoform only, even following stimulation with proinflamma-
tory cytokines (Rosenkranz-Weiss et al., 1994). Indeed, other
workers in our laboratory have demonstrated that HUVEC in
culture express the endothelial but not the inducible form of
NOS, as determined by Western blotting using antibodies
specific for each isoform (Campa, personal communication).

Sobrevia et al. (1997) have recently demonstrated that
activation of A,-purinoceptors in HUVEC stimulates both L-
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