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Insensitivity ofcalcium-dependent endothelial
stimulation in rat isolated aorta to the calcium entry
blocker, flunarizine
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1 In rat aortic segments complete with endothelium, acetylcholine (1 I1M) relaxed noradrenaline,
phenylephrine and prostaglandin F2, (PGF2.)-induced contractions of various magnitudes. Maximal
1 .LM phenylephrine-induced contractions were relaxed to a greater extent than were maximal
contractions induced by the other two agonists.
2 Contractions elicited by various concentrations of phenylephrine and PGF2e in the presence of a
maximal effective concentration of the calcium entry blocker flunarizine (3 fM) were relaxed by
acetylcholine to about the same residual tension as were contractions elicited in the absence of
flunarizine.
3 Acetylcholine (1 tiM) and phenylephrine (1 jIM) increased tissue levels of guanosine cyclic 3'5'-
monophosphate (cyclic GMP) by about 37 fold and 2 fold respectively. Preincubation of tissues in the
absence of calcium abolished these agonist-induced increases in cyclic GMP levels, but preincubation
with flunarizine had no significant effect on the increase in cyclic GMP level induced by the agonists.
Pretreatment with flunarizine had no significant effect on the basal tissue level of cyclic GMP, but
pretreatment in calcium-free solution reduced the basal tissue level of the cyclic nucleotide by about
half.
4 It is concluded that in rat aorta, endothelium-dependent acetylcholine-induced relaxation and
endothelium-dependent acetylcholine and phenylephrine-induced increases in tissue levels of cyclic
GMP, are dependent on extracellular calcium, but are not antagonized by flunarizine. This may
indicate that ifcalcium channels ofendothelial cells are activated by these agonists, their characteristics
are not identical with those of the calcium channels of the smooth muscle cells.

Introduction

Relaxant responses of vascular tissues evoked by
many compounds are completely or in part dependent
on the presence of the endothelium and it has been
shown that endothelial stimulation, by acetylcholine
for example, leads to the liberation of a factor,
endothelium-derived relaxing factor, which acts on the
smooth muscle of the vessel to produce a relaxation
(see review by Furchgott, 1983). Liberation of this
factor has been shown to be partially dependent on
extracellular calcium in rabbit aorta (Singer & Peach,
1982).
Endothelium-dependent modulation of agonist-

induced contractions of in vitro vascular preparations
has also been described (Allan et al., 1983; Konishi &
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Su, 1983; Zuleica et al., 1983; Cocks & Angus, 1983;
Egleme et al., 1984a,b; Miller et al., 1984; Bigaud et al.,
1984; Miller & Stoclet, 1984). In general, this modula-
tion comprises an inhibition of responses to a2-
adrenoceptor agonists and a shift to the right of
concentration-effect curves to other types of agonists
with relatively little or no change in the maximal
response.

It is not known if the same endothelium-derived
factor (or factors) is involved both in relaxant respon-
ses and in modulation of a-adrenoceptor agonist-
induced contractions, but both of these endothelium-
mediated effects have been associated with an increase
in the total tissue level of guanosine cyclic 3',5'-
monophosphate (cyclic GMP) (Holzmann, 1982;
Diamond & Chu, 1983; Rapoport & Murad, 1983;
Bigaud et al., 1984; Miller et al., 1984).
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Secretion of a factor by the endothelium subsequent
to stimulation is likely to be dependent on ex-
tracellular calcium (Rubin, 1970) and therefore liable
to modulation by drugs that change cellular calcium
metabolism.

Calcium entry blockers antagonize agonist-induced
contractions of vascular tissues and exhibit tissue
selectivity (Towart, 1981; Godfraind & Miller, 1983)
and it is therefore interesting to know if endothelium-
mediated effects in vascular tissue are also sensitive to
this type of antagonist. We have investigated the
effects of the calcium entry blocker, flunarizine (God-
fraind & Dieu, 1981; Godfraind & Miller, 1982) on
acetylcholine-induced relaxation of rat isolated aorta
and on phenylephrine- and acetylcholine-induced in-
creases in tissue cyclic GMP levels.
The results demonstrate that although endoth-

elium-mediated responses in this artery are dependent
on extracellular calcium, they are not antagonized by
flunarizine.

Methods

Contractile experiments

Female Wistar rats of 12-14 weeks ofage (280-300 g)
were used. The rat was killed, the thorax opened, the
aorta flushed gently with warm oxygenated
physiological solution (composition mM:NaCl 112,
KCl 5, NaHCO3 25, KH2PO4 1, MgSO4 1.2,
CaCl2 1.25 and glucose 11.5) and carefully cleaned of
all loosely adherent tissue before it was removed.
Rings of aorta about 2mm long were cut from the
proximal end. When necessary, endothelium was
removed by gently rubbing the interior with a wooden
stick. Rings were suspended between parallel hooks in
organ baths containing physiological solution main-
tained at 37'C and aerated with a mixture of 95% 02
and 5% C02, under 2 g tension. Fifteen minutes later
tissues were rinsed, readjusted to 2 g tension then
equilibrated for a further 45 min before a maximal
contraction to noradrenaline (I gM) was elicited. After
30 min, when the noradrenaline contraction had
stabilized, acetylcholine (I gLM) was added for 10 min
before rinsing with physiological solution. One hour
later, during which time tissues were rinsed 3 times,
contractions were elicited by increasing the concentra-
tion of phenylephrine cumulatively, in approximately
3 fold steps, until a maximal response was attained.
Acetylcholine was again added for 10 min. Two hours
later (during which time tissues were rinsed 5 times) a
second cumulative concentration-effect curve was
elicited, which included a maximal response and was
also followed by acetylcholine (I rIM) for 10 min. The
same protocol was followed substituting single 30 min
exposures to single concentrations of either phenyle-

phrine or prostaglandin F2,, (PGF2.) in place of the
cumulative additions of agonist. When necessary
tissues were preincubated with flunarizine (3 ItM) for
90 min before the second contraction to phenylephrine
or PGF2, was elicited in the presence of flunarizine.
Contractions were recorded using Statham UC2
isometric force transducers linked to a Beckman
dynograph type 81 IA.

Determination of cyclic nucleotide levels

Rat thoracic aortae, prepared as described above were
divided into 4 or 5 segments of about 5 mg each. Each
segment was then incubated in 2 ml of physiological
solution at 37'C bubbled with a mixture of 95% 02
and 5% CO2 for 120 min during which time the
physiological solution was changed periodically.
Phenylephrine (1 pM) or acetylcholine (1 ;M) was then
added and after 1 min the aortic segments were frozen
using aluminium tongs precooled in liquid nitrogen.
When necessary, the tissues were pre-incubated for
90 min with flunarizine (3 IBM) before the addition of
agonist. Control tissues treated only with solvents
were included in all treatment groups. In other
experiments tissues were incubated for the last 15 min
before addition of agonist in calcium-free solution,
prepared by omitting calcium. During this time the
calcium-free solution was changed 3 times. Control
tissues were washed with normal physiological solu-
tion at the same times. Tissues were thawed in 400 ja of
perchloric acid (IN), then homogenized with a Potter
glass/glass homogenizer followed by sonication
(Ultrasons-Annemasse, type 75TS) for 15 s. The
homogenate was centrifuged at 10,000 g for 5 min and
the cyclic GMP content of the supernatant assayed by
a radio-immunological method (Cailla et al., 1976).
The DNA content of each tissue segment was assayed
by a fluorometric method (Schoeffter & Stoclet, 1982).
Cyclic nucleotide levels were expressed as fmol pg-'
DNA.

Drugs

Noradrenaline bitartrate (Sigma) was dissolved in
distilled water containing 7.9mM Na2SO3 and 34mM
HCI as a stock solution of 10 mM. Acetylcholine
chloride (Sigma) was prepared as a stock solution of
10mM in NaH2PO4 (0.1 M). Phenylephrine HCI
(Sigma) was dissolved in distilled water, PGF2. (Din-
olytic, Upjohn) was used as supplied. Dilutions were
prepared in physiological solution. Flunarizine (Jans-
sen Pharmaceutica) was dissolved in an aqueous
solution of 100 mM tartaric acid (pH 3.1) to a concen-
tration of 1 mm and further diluted as required with
distilled water. Cyclic GMP specific antibodies were
the generous gift of Drs Cailla and Delaage of the
Centre d'Immunologie, Marseille-, Luminy, France.
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Cyclic GMP and DNA (from calf thymus
were obtained from Sigma. Labelled antif
prepared by iodination of the succi
nucleotide tyrosylmethylester (Sigma). All (

centrations are expressed in terms of the b;

Statistical analysis

The data are expressed as means ± s.e.mear
significance have been made using Student'!
paired t test, P values less than 0.05 being c
significant.

Results

Contractile experiments

Single 1 JtM concentrations of noradrenalin
contractions of rat aortic segments of 1139
(n = 6). Acetylcholine (1 JAM), added aft
when contractions to noradrenaline had 4
produced a relaxation of 67.9 ± 5.8%. Cl
additions of phenylephrine induced maxim;
ses of 1463 ± 191 mg. These maximal coi
were not significantly different from those ix
noradrenaline (0.1<P<0.2, n = 13). Ace
(1 tiM) relaxed these maximal phenylephrin
contractions by 80.3 ± 3.8%. This acetylc
duced relaxation was significantly greater
elicited when the same tissues were contracts
noradrenaline (0.001< P<0.005, paired j

separate experiments, acetylcholine (I t.m
single phenylephrine (I psM)-induced contra
69.9 ± 9.9% and noradrenaline (1 JAM)-indi
tractions by 41.9 ± 3.6% in the same tissu
values are significantly different (0.001 <
n = 6, paired t test).

Acetylcholine (1 pM) relaxed successive
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Table 1 Effect of flunarizine (3 jAM) on contrac-
tions induced by single concentrations of phenyle-
phrine (Phen) and prostaglandin F2, (PGF2,) in rat
isolated aorta

Agonist

Phen
Phen
Phen
PGF2a
PGF2z
PGF2m

I AM
lOOnM
30 nM
30 JAM
1OAM
3 AM

100% % tension after 30 min
tension (mg) Control Flunarizine

1 303± 86 (6)
612 ± 68 (7)
324 ± 17 (7)

1 295 ± 198 (5)
690 ± 110 (10)
422 ± 135 (5)

87.7 ± 3.7
73.3 ± 7.3
39.8 ± 7.0
98.2± 1.2
98.5 ± 0.9
91.4 ± 4.0

41.0 ± 6.0
31.0 ± 4.8
7.5 ± 1.6

41.4 ± 6.3
42.8 ± 3.7
31.1 ± 2.5

Values in the Control and Flunarizine columns are
the mean (± s.e.mean) contraction (in the absence
and presence of flunarizine respectively) measured
after 30 min exposure to the agonists. The values are
expressed as a percentage of the maximal contrac-
tion (expressed in mg in column 1) elicited by the
indicated concentrations of the agonists in the
absence of flunarizine. Numbers in parentheses
represent number of rats.

nduced by (cumulative) phenylephrine-induced contractions by
tylcholine 72.7 ± 8.0% and by 75.3 ± 7.7% respectively (n = 5),
e-induced demonstrating the reproducibility of the acetyl-
holine-in- choline-induced response.
than that Maximal contractions induced by 30JM PGF2,
-d by I gAM (1295 ± 198 mg, n = 5) and by noradrenaline (1 M)
t test). In were also of a similar magnitude and were relaxed to
I) relaxed the same extent by 1 JM acetylcholine (61.3 ± 4.0%
Lctions by and 55.8 ± 7.8% respectively, P>0.3, paired t test,
uced con- n = 5).
ies. These Single submaximal contractions induced by 30 nM
P <0.005, and 100 nM concentrations of phenylephrine (that

induce about 20% and 50% respectively of the
maximal maximum response) and by 3 IAM and 10 M concen-

trations ofPGFu, (about 25% and 60% respectively of
the maximum response) were not always maintained,
but after 30 min of contact the residual contractions
(Table I) were relaxed by 1 laM acetylcholine (Table 2).

In the presence of flunarizine (3 JM), phenylephrine
and PGF2.-induced contractions were partially in-
hibited (Figure 1; Table 1). However, these reduced
contractions were also relaxed by 1 JAM acetylcholine
and the residual acetylcholine-resistant component of
contraction in the presence of flunarizine was of about

T- l the same magnitude as that seen in the absence of
6 flunarizine (Figure 1, Table 2).

of acetyl- Determination of cyclic nucleotide levels
tractions
aorta, in As shown in Figure 2, phenylephrine (I JM) increased
of 3gM tissue levels of cyclic GMP by about 2 fold

(P< 0.00 1). Preincubation of tissues in the absence of
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Table 2 Effect of acetylcholine (1 juM) on phenyle-
phrine and prostaglandin F2. (PGF2.)-induced con-
tractions of rat isolated aorta

Pretreatment
None FlunarizineAgonist

Phenylephrine
Phenylephrine
Phenylephrine
PGF2.
PGF2.,
PGF2,

I pM
0.1 M
30 nM
30 pM
IOJAM
3 fuM

27.2 ± 9.5 (6)
7.3 ± 5.1 (7)
3.5± 2.5 (7)

38.1 ± 3.7 (5)
10.7 ± 2.3 (10)
16.9 ± 4.7 (5)

18.6 ± 6.1
5.4 ± 0.8
4.3 ± 1.7

24.9 ± 6.0
14.0 ± 1.4
19.0 ± 5.8

Values are the mean residual contraction (expressed
as % of the control contraction before addition of
acetylcholine, ± s.e.mean) after relaxation induced
by acetylcholine in the absence and presence of
flunarizine (3 pM). Numbers in parentheses re-
present number of rats.

calcium reduced significantly the basal tissue levels of
cyclic GMP (P<0.001) and abolished the phenyle-
phrine-induced increase. Preincubation with flun-
arizine (3 fpM) had no significant inhibitory effect on
either basal levels of the cyclic nucleotide, or on the
stimulatory effect of phenylephrine (P> 0.2).
Removal of the endothelium reduced basal tissue

levels of cyclic GMP from 18.4 ± 4.5 fmol pg-' DNA
to 7.5 ± 2.7 fmol gg' DNA. This reduced level of
cyclic GMP in the absence of endothelium was not
significantly different from the basal level of cyclic
GMP (10.8 ± 3.1 fmolpg' DNA, P>0.4, n = 4) in
tissues complete with endothelium in the absence of
calcium. Removal of both endothelium and calcium
reduced tissue cyclic GMP levels to
7.5 ± 1.9 fmol g-' DNA. This value was not sig-
nificantly different (P> 0.3) from that measured
either after removal of endothelium or after removal
of calcium in the presence of endothelium.

In normal physiological solution, 1 IM acetyl-
choline increased tissue cyclic GMP levels by about 37
fold (Table 3). Removal of calcium dramatically
reduced the stimulatory effect of acetylcholine to
about 2.5 fold. In the presence of flunarizine, acetyl-

<50-z
a

0)

a.

0EL EZ1112 U49
Control Removal Flunarizine

of Ca2+ 3 AM
Figure 2 Effect of phenylephrine (1 gM; 1 min contact,
hatched columns) on rat aortic content of cyclic GMP
(fmol pg' DNA) in the absence and in the presence of
Ca2+ and flunarizine (3 AM); open columns = controls,
without phentephrine. Numbers in columns represent
number of determinations. Vertical bars represent
s.e.mean.

choline increased tissue cyclic GMP content to about
the same level (0.05<P <0.1) as in the absence of
flunarizine (Table 3).

Discussion

Stimulation of the endothelium of numerous blood
vessels by many vasodilator compounds has been
shown to be essential to their vasodilator activity
(Furchgott, 1983). The maximal endothelial-depen-
dent vasodilator activities of acetylcholine, histamine
and the calcium ionophore A23 187 have been
associated with increased tissue levels of cyclic GMP
of 10 to 30 fold (Holzmann, 1982; Diamond & Chu,
1983; Rapoport & Murad, 1983). Endothelium also
modulates the contractile activity of many a-adreno-
ceptor agonists (Egleme et al., 1984a,b) and also of
such compounds as 5-hydroxytryptamine and PGFu,
(Cocks & Angus, 1983; Egleme et al., 1984b; Miller &
Stoclet, 1984). It has further been shown that in the

Table 3 Effect of acetylcholine (1 IuM; 1 min contact) on cyclic GMP levels in rat aorta, in the presence and absence of
Ca2" and of flunarizine (3 uM)

None

Control
Acetylcholine

22.8± 2.7 (10)
855 ± 129 (10)

Pretreatment
Removal of Ca2+ Flunarizine

14.0 ± 2.5 (4) 22.6 ± 3.2 (5)
34.2 ± 8.7 (4) 596 ± 61 (6)

Values are the mean ± s.e.mean expressed in fmol jLg-' DNA. Numbers in parentheses represent number of
determinations.
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case of the a-adrenoceptor agonists B-HT 920, clon-
idine and methoxamine, stimulation of the rat aorta in
the presence of the endothelium, but not in its absence,
evokes an increase in tissue levels of cyclic GMP of
about 2 to 3 fold (Bigaud et al., 1984; Miller et al.,
1984). This study demonstrates that phenylephrine
also increases tissue levels of cyclic GMP in the
presence of endothelium by about the same order of
magnitude as other x-adrenoceptor agonists and con-
firms the effect of acetylcholine. In the absence of
endothelium neither a-adrenoceptor agonists nor
acetylcholine significantly alter the basal level ofcyclic
GMP in rat aorta (Rapoport & Murad, 1983; Miller et
al., 1984; Bigaud et al., 1984). Therefore, an increase in
tissue cyclic GMP content can be taken as evidence of
the presence of endothelium, at least when o-adren-
oceptor agonists and acetylcholine are used as
stimulants.
The physical location of this cyclic GMP in the

tissue has not yet been directly demonstrated but in
cultured endothelial cells acetylcholine, phenylephrine
and noradrenaline evoke an increase in cyclic GMP
content of 2 to 5 fold (Buonassisi & Venter, 1976). An
increase in cyclic GMP content of this magnitude in
the monocellular layer of endothelial cells could not
account for an increase in the total tissue level ofeven 2
fold. Since smooth muscle cells constitute the
predominant cell type found in the tissue, it might be
assumed that they account for the increase in cyclic
GMP and that this is associated with the relaxant
response. However, it should be emphasized that a
causal connection between increased tissue cyclic
GMP levels and inhibition ofmaximal contraction has
not been conclusively demonstrated. A modest in-
crease in tissue cyclic GMP levels of about 2 fold
evoked by the x-adrenoceptor agonists B-HT 920 and
clonidine in the presence ofendothelium (Bigaud et al.,
1984; Miller et al., 1984) is associated with an inhibi-
tion of contraction of about 90%. On the other hand,
maximal contractions evoked by methoxamine are not
markedly different in the presence or absence of
endothelium but are also associated with about a 2
fold increase in tissue cyclic GMP levels in the presence
of endothelium (Bigaud et al., 1984). In comparison,
relaxation of precontracted arterial preparations by
about 80% by acetylcholine is associated with an
increase of tissue cyclic GMP levels of about 25 to 35
fold (Table 3; Rapoport & Murad, 1983). These large
differences in the measured tissue levels of cyclic GMP
evoked by acetylcholine and by the o-adrenoceptor
agonists in the presence ofendothelium may mean that
different endothelial factors are liberated by the
different stimuli or that the cyclic GMP generated in
response to the stimuli is differently compartmen-
talized.

Stimulated increases in tissue cyclic GMP levels
were not significantly affected by preincubation with

3 pM of the calcium entry blocker flunarizine, a
concentration that is sufficient to inhibit maximally
agonist-induced influx of calcium in rat arteries (God-
fraind & Dieu, 1981; Godfraind & Miller, 1982; 1983).
Also, 1 AM acetylcholine relaxed rat isolated aorta
preparations contracted by maximal and submaximal
concentrations of phenylephrine and PGF2X to a
similar residual tension in the absence and in the
presence of flunarizine (Table 2). It might therefore be
assumed that stimulated secretion of an endothelial
factor is insensitive to flunarizine.

Secretion is generally considered to be a calcium-
dependent process (Rubin, 1970) and there is no
reason to suppose that secretion of a factor from the
endothelial cells is an exception. Some evidence for
such a dependence on extracellular calcium has been
presented here. Firstly, in unstimulated preparations
the basal tissue level of cyclic GMP fell when the
endothelium was removed, as has also been previously
described (Holzmann, 1982; Rapoport & Murad,
1983; Miller et al., 1984; Bigaud et al., 1984) and also
when calcium was removed from the incubating
solution in the presence of endothelium. There is
therefore probably a continuous basal release of an
endothelium-derived factor. Secondly, increases in
tissue cyclic GMP levels stimulated by phenylephrine
were abolished (Figure 2) and those stimulated by
acetylcholine dramatically reduced (Table 3), after
preincubation in calcium-free solution.

Interpretation of the effects of calcium removal is
complicated by the fact that a reduction in ex-
tracellular calcium may affect not only the endothelial
cells but also the smooth muscle cells, the presumed
site ofcyclicGMP production, and calcium is reported
to be essential for the functioning of guanylate cyclase
in some smooth muscles (Schultz et al., 1973; Tak-
ayanagi et al., 1981). In the rat aorta, increased
sarcoplasmic calcium levels alone are evidently not a
sufficient condition for activation of guanylate
cyclase, since no increase in cyclic GMP levels was
detected in the absence ofendothelium during stimula-
tion with phenylephrine, which is known to induce an
influx of calcium in this tissue. Further, even in the
absence of extracellular calcium or in the presence of
flunarizine, phenylephrine mobilizes intracellular cal-
cium sufficiently to induce contractions (Godfraind et
al., 1982).
The absence of an inhibitory effect of flunarizine on

the basal tissue levels of cyclic GMP (Table 3, Figure
2) is to be expected since it is known to inhibit
stimulated but not unstimulated calcium entry into
smooth muscle cells (Godfraind & Dieu, 1981; God-
fraind & Miller, 1982).

Overall therefore, calcium influx into endothelial
cells in resting conditions and on stimulation by the
agonists is probably a prerequisite for the secretion of
endothelium-derived relaxing factor but this secretion
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is not significantly inhibited by flunarizine. The
apparent lack of effect of flunarizine suggests that if
calcium channels are associated with the endothelial
cells they are not identical to those of the adjacent
vascular smooth muscle cells, or that perhaps calcium
entry is via a mechanism other than an ion channel.

Acetylcholine was more effective as an antagonist of
maximal contractions induced by phenylephrine
rather than those produced by noradrenaline or
PGF2,,,. The reason for this difference is not clear, but
some evidence has been put forward showing that
phenylephrine is less effective than noradrenaline at
stimulating calcium flux into the smooth muscle cells
of the rat aorta in certain conditions (Godfraind et al.,
1982). Also, in the experiments reported here, contrac-
tions elicited by submaximal concentrations of phen-
ylephrine were not well maintained in comparison
with those induced by PGF2, (Table 1) or noradren-
aline (unpublished data). The maintenance ofcontrac-
tions is thought to be due to influx of Ca2 . In this
regard, it is interesting to note that M2-adrenoceptor
agonists, which are mostly dependent on extracellular

calcium to elicit contractions in the rat aorta (God-
fraind et al., 1982; Nghiem et al., 1982), elicit no, or
very small, contractions in the presence of endo-
thelium, even though they produce contractions com-
parable to those of noradrenaline in the absence of
endothelium (Egleme et al., 1984a,b; Miller et al.,
1984). It is possible therefore, that the endothelium-
derived factor affects stimulated plasmalemmal cal-
cium movements and that those induced by phenyl-
ephrine and x2-adrenoceptor agonists are more easily
modulated than those induced by noradrenaline and
PGF2,.

In conclusion, these results indicate that although
stimulated liberation of an endothelium-derived fac-
tor(s) is dependent on extracellular calcium in this
tissue, the stimulated calcium entry into the endoth-
elial cells is apparently not inhibited to any great
extent by flunarizine.

The authors wish to thank Dr M. Spedding for his helpful
comments on this manuscript.
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