British Journal of Pharmacology (2000) 129, 555-565

© 2000 Macmillan Publishers Ltd Al rights reserved 0007 -1188/00 $15.00 Cl)

www.nature.com/bjp

Mechanisms of 17 f-oestradiol induced vasodilatation in isolated

pressurized rat small arteries

'Linda Shaw, 'Michael J. Taggart & *'Clare Austin

"University Department of Medicine, Manchester Royal Infirmary, Oxford Road, Manchester, M13 9WL

1 The influence of 17 f-oestradiol on pressurized isolated rat mesenteric and coronary small
arteries was investigated.

2 17 B-oestradiol caused rapid (t, <5 mins) concentration-dependent relaxations of pre-contracted
pressurized (50 mmHg) isolated rat mesenteric and coronary arteries. Similar responses were observed
in both vessel types. Significant relaxations were only observed at concentrations exceeding 3 uM.

3 The vasodilatory responses in both types of artery were unaffected by 10 uM L-nitro arginine (L-
NNA) alone or in the presence of 10 uM indomethacin, inhibitors of nitric oxide and prostaglandin
synthesis respectively. They were also unaffected by the pre-contracting agent used i.e. high K* or
U46619 (a thromboxane analogue).

4 Neither the oestrogen receptor antagonist ICI 182,780 (10 uM) nor the protein synthesis inhibitor
cycloheximide (100 uM) had any effect on the responses of mesenteric arteries to 17 f-oestradiol.
5 17 a-oestradiol had only a minor effect on mesenteric arterial diameter over a concentration
range similar to the effective vasodilatory range for 17 f-oestradiol.

6 Membrane impermeant 17 f-oestradiol conjugated to bovine serum albumin (f-oestradiol-17-
hemisuccinate-BSA) (E-H-BSA) resulted in a vasodilatation of pressurized arteries.

7 Wortmannin, an inhibitor of myosin light chain kinase, near maximally relaxed pressurized
mesenteric arteries although the time course for the response was significantly slower than that for
17 S-oestradiol.

8 These results taken together suggest that the acute effects of 17 f-oestradiol on isolated
pressurized arterial tone may be due to effects directly on the vascular smooth muscle via non-

genomic mechanisms that involve a stereospecific interaction at the plasma membrane.
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Introduction

It has been known for many years that pre-menopausal women
have a significantly lower incidence of cardiovascular disorders
than men of a similar age do. After the menopause, however,
the incidence increases such that the chance of developing
coronary heart disease is comparable to men (Barrett-Connor
& Bush, 1991). Hormone replacement therapy reduces the
incidence of cardiac disorders leading to the suggestion that
oestrogens may have a cardioprotective effect. While oestro-
gens have been shown to have a number of beneficial effects on
the cardiovascular lipid profile, affecting cholesterol metabo-
lism and deposition (Bush et al., 1983) and inhibiting
atherosclerotic plaque formation (Sarrel, 1990), these effects
can account for only 25—-50% of the observed reduction in
deleterious coronary events. This suggests that some other
protective mechanism(s) are involved (Bush ez al., 1987). One
such mechanism maybe a direct vasodilatory effect of
oestrogens on coronary arteries.

In vivo studies have shown that oestrogen infusion increases
blood flow in both coronary (Sudhir et al., 1995) and systemic
circulations (Rosenfeld er al., 1976, Magness & Rosenfeld,
1976). More direct studies on isolated arterial preparations
have also demonstrated rapid relaxant effects of 17 f-
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oestradiol (Jiang et al., 1991; Mugge et al., 1993; Otter &
Austin, 1998) again supporting the idea that the cardioprotec-
tion offered by oestrogens may, in part, be due to a direct
vasodilatory effect. One of the criticisms with this hypothesis,
however, is the fact that this effect on contractility is only
observed at high (i.e. pharmacological), concentrations
questioning its physiological importance. In vitro, the direct
effects of 17 f-oestradiol on vascular tone has previously been
studied in arteries mounted as strip or ring preparations with
changes in contractility being measured as changes in isometric
force (for methodological details see Mulvany & Halpern,
1977). A relatively new method of studying vascular reactivity
is by pressure myography. Vessels mounted on this system are
pressurized, allowed to maintain their physiological shape and
experience true transmural pressures, with responsiveness
being measured as a change in vessel diameter. It is now
apparent that the method by which vascular responsiveness is
studied is extremely important and, indeed, increased
sensitivity to a number of agonists have been demonstrated
in pressurized arteries compared to strip/ring preparations
(Dunn et al., 1994; Falloon et al., 1995). To date only one
study has investigated the effects of oestrogens on pressurized
small arteries (Kakucs ef al., 1998). Although in this study on
the saphenous artery high concentrations of 17 f-oestradiol
(i.e. >1 uM) were again required to produce a vasodilation it
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should be noted that the sensitivity of this vessel to the
oestrogen in isometric systems, to allow direct comparison, is
unknown. This study will investigate the acute effects of
oestrogens on the contractility of pressurized small coronary
and mesenteric arteries. When mounted as ring preparations
these arteries have previously been found to vasodilate only to
high concentrations of 17 f-oestradiol (Jiang et al., 1991; Otter
& Austin, 1998). As it is the cardioprotective effects of
oestrogens that have received much interest the vasodilatory
actions of oestrogens may have some selectivity towards the
coronary circulation. The responsiveness of isolated coronary
and systemic pressurized arteries has not previously been
compared. In the present study, therefore, the effects of 17 f3-
oestradiol were also compared in isolated rat mesenteric and
coronary pressurized arteries.

The mechanisms whereby 17 f-oestradiol has this vasodi-
latory effect on arteries is poorly understood. In vivo effects of
oestrogens on endothelium-dependent mechanisms have been
reported (Williams et al., 1990; Herrington et al., 1994; Reiss et
al., 1994) and indeed estrogenic regulation of myogenic tone,
for example, has been attributed to nitric oxide dependent
mechanisms (Geary et al., 1998; Skarsgard et al., 1997). It
appears, however, that these effects are associated with chronic
oestrogen exposure (Andersen et al., 1999). Isolated tissue
studies investigating the acute effects of oestrogens have
demonstrated both endothelium-dependent (total or partial)
(McNeill et al., 1996; Otter & Austin, 1998) and endothelium-
independent mechanisms (Jiang et al., 1991; Mugge et al.,
1993). It is unclear why these differences exist but may depend
on factors such as type, size and location of vessel, species and
experimental methodology. A further aim of the present study
was, therefore, to investigate the involvement of endothelial
factors in the vasodilatory response of 17 f-oestradiol on
isolated pressurized arteries.

Classically, steroid hormones exert their actions via
interaction with nuclear/cytosolic oestrogen receptors and
subsequent alteration of protein synthesis (Davidson &
Lippman, 1989). Rapid effects of oestrogens on a variety of
other physiological processes, including calcium homeostasis,
have recently suggested the existence of non-genomic effects
via as yet unidentified pathways (Benten et al., 1998). It is
unclear whether the acute vasodilatory effects of 17 f8-
oestradiol on isolated arteries are due to genomic or non-
genomic mechanisms. This will, therefore, also be investigated.

Thus the aims of the present study were (1) to examine the
responses of isolated pressurized rat mesenteric small arteries
and pressurized coronary small arteries to 17 -oestradiol (2) to
investigate the role of endothelial factors in the responses and
(3) to investigate the genomic-dependence of oestrogen action.

Methods

Vessel isolation and cannulation

Male Wistar Kyoto rats (250—300 g) were killed by stunning
and exsanguination. The mesentery or the heart were removed
and placed in ice-cold physiological salt solution (PSS) of
composition (mM): NaCl 119, KCl 4.7, MgS0O,.7H,O 1.2,
NaHCO; 25, KH,PO, 1.17, KL,EDTA 0.03, glucose 5.5,
CaCl,.2H,0 1.6 at pH 7.4. A 4th order mesenteric artery or
the septal coronary artery were dissected from one animal and
placed in the chamber of a pressure myograph (Living Systems
Instrumentation (LSI), Burlington, VT, U.S.A.) containing
cold PSS. Each vessel was cannulated onto two glass
micropipettes as described previously (Izzard et al., 1996)

pressurized to 50 mmHg using a pressure servo-control unit
(LSI) and checked to ensure the absence of leaks. Vessels were
then perfused with PSS at 37°C, gassed with 95% air/5% CO,.
Lumen diameters were continuously measured using a video
image analyser (LSI).

Experimental protocol

Following an equilibration period of approximately 30 min
each vessel was subjected to a ‘run-up’ procedure consisting of
three separate 2 min exposures to 60 mM KCI (isosmotically
substituted for NaCl). The effect of oestrogens on vascular
tone was investigated by stimulating vessels with 60 mm KCl
or 10 um U46619 (9,11-dideoxy-11ea, 9o-epoxy methano-
prostaglandin) (a thromboxane analogue) until a stable
contraction was obtained. All drugs were added to the
superfusate. Each vessel was subjected to increasing concen-
trations of 17 f-oestradiol from 0.01-30 uM and any
relaxation at each concentration was allowed to reach a steady
state. Solubility limitations prevented examination of con-
centrations in excess of 30 uM. Vessels were then washed with
PSS and tone allowed to return to baseline. To determine the
reversibility of the response a small number of vessels, pre-
contracted with 60 mM KCI, were exposed to a single
concentration (30 uM) of 17 f-oestradiol. Following relaxation
the vessels were washed in 60 mM KCI (in the absence of 17 f-
oestradiol) and tension allowed to rise.

Investigation of the role of the endothelium in responses
to 17 p-oestradiol

The integrity of the endothelium was tested in each vessel by
observing the relaxation response to 10 uM carbachol
following pre-contraction with either 60 mmM KCI or 10 um
U46619. Vessels which showed a relaxation of <15% were
considered to possess a damaged endothelium and were
discarded from the study. To determine the contribution of
nitric oxide (NO) and prostaglandins to the carbachol
response, experiments were repeated in the presence of 10 uM
Nw-nitro-L-arginine (L-NNA), an inhibitor of NO synthase
and in the additional presence of 10 uM indomethacin, an
inhibitor of prostaglandin synthesis.

To investigate the involvement of NO and prostaglandins in
the response to 17 f-oestradiol, concentration-response curves
were constructed in the presence of 10 uM L-NNA alone or
with 10 uM indomethacin. Vessels were incubated with the
inhibitor for 30—-40 min prior to experimentation. Responses
to 17 p-oestradiol were directly compared to those obtained in
the same tissues in the absence of the inhibitors.

Investigation of the effect of the oestrogen receptor
antagonist ICI 182,780 on responses to 17 [-oestradiol

Following control concentration-response curves to 17 f-
oestradiol in mesenteric arteries, vessels were incubated with
10 um ICT 182,780 for 3040 min then contracted with 60 mM
KCI or 10 um U46619. The concentration-response curve to
17 p-oestradiol was then repeated in the continued presence of
ICI 182,780.

The effects of cycloheximide on responses to
17 B-oestradiol

To investigate the effects of protein synthesis inhibition on
responses, mesenteric arteries were incubated for 1 h with
100 uM cycloheximide. At this concentration protein synthesis
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has been shown to be maximally inhibited (Waring, 1990).
Vessels were constricted by depolarization and concentration-
response curves to 17 f-oestradiol were examined. Responses
were compared to those previously obtained on the same tissue
in the absence of cycloheximide.

Responses to 17 a-oestradiol

Mesenteric arteries were contracted with 60 mM KCl and
concentration-response curves to either 17 f-oestradiol or
17 a-oestradiol (0.01—30 um) were constructed. Responses to
both compounds were examined and directly compared in each
tissue.

Responses to conjugated oestradiol

To investigate whether the acute vasodilatory effects to 17 f3-
oestradiol were mediated via intracellular interactions or via
interactions/binding of 17 f-oestradiol at the plasma mem-
brane the effects of the membrane impermeant 17 S-oestradiol
conjugate f-oestradiol 17-hemisuccinate-BSA (E-H-BSA) on
arterial diameter were studied and compared to those due to
addition of 17 f-oestradiol. Control experiments with the
membrane permeant conjugate f-oestradiol 17-hemisuccinate
(E-H) and BSA were also carried out. To allow direct
comparisons with the effects observed to 17 f-oestradiol,
concentrations of E-H-BSA and E-H added were adjusted
and expressed as concentrations of 17 f-oestradiol (i.e. 30 and
100 uM) within the conjugates. The concentration of BSA
alone was also matched to that within E-H-BSA.

Responses to wortmannin

In order to investigate a different non-receptor-mediated
method of relaxation pressurized rat mesenteric small arteries
vessels were contracted with 60 mmM KCl and 1 uM wortman-
nin (a membrane-permeant inhibitor of myosin light chain
kinase) was added. The relaxation was allowed to reach a
steady state and compared to the relaxation observed to 30 uM
17 p-oestradiol in the same tissue.

Drugs and chemicals

All drugs and chemicals, with the exception of ICI 182,780
were obtained from Sigma. ICI 182,780 was obtained from
Tocris Cookson (Langford, Bristol, U.K.). Stock solutions of
17 p-oestradiol and 17 a-oestradiol were made by dissolving
first in 100% ethanol and diluting in PSS (1 in 2000) to give a
concentration of 100 uM. 10 mM stock solutions of indo-
methacin and ICI 182,780 were also made by dissolving in
100% ethanol. A 10 mM stock solution of U46619 was made
by dissolving in a mixture of 100% ethanol and 1 mg kg™
sodium carbonate (1:2). 10 mM stock solutions of E-H and E-
H-BSA were made by dissolving in 95% ethanol and
phosphate buffer solution respectively. Bovine serum albumin
(BSA) was dissolved in KCI (60 mM). A 1 mM stock solution
of wortmannin was made by dissolving in dimethylsulphoxide
(DMSO). Carbachol, L-NNA and cycloheximide were dis-
solved in PSS.

Analysis of data

All results are expressed as mean +s.e.mean with n represent-
ing number of animals. All responses were normalized as a
percentage of the change in diameter observed to 60 mm KCl
or 10 uM U46619. Differences between groups were compared

by analysis of variance and Student’s ¢-test (paired or
unpaired). Previous studies revealed no significant difference
in time effect between first and second curves to 17 f5-
oestradiol and solvent only controls revealed no effect on
vascular tone. All curves constructed in the presence of
inhibitors were therefore compared to first curves constructed
on the same tissue. It should be noted that, as full
concentration-response curves to oestrogens could not always
be obtained, ECs, values could not be accurately determined
and statistical significance was therefore determined at each
individual concentration.

Results

Resting parameters

In this study coronary arteries from the rat, pressurized to
50 mmHg, had a significantly larger mean diameter
(280+6 um, n=11) compared to mesenteric arteries
(254 +5 pum, n=40, P<0.05). 60 mM KCI or 10 um U46619
induced near maximal, maintained lumenal narrowing in all
tissues studied. The magnitude of the change in diameter in
response to 60 mM KCl was 168 +7 um (n=24) for mesenteric
and 168+ 11 um (n=6) for coronary arteries and for U46619
was 149+ 5 um (n=24) and 125+7 um (n=15) for mesenteric
and coronary arteries respectively.

Effects of 17 B-oestradiol on mesenteric and coronary
arterial diameter

17 p-oestradiol had no effect on arterial diameter in
unstimulated pressurized vessels. The oestrogen, however,
caused a concentration-dependent relaxation of pressurized
rat mesenteric and coronary arteries pre-contracted with either
60 mM KCl or 10 uMm U46619. Figure 1 shows the effect of
increasing concentrations of 17 f-oestradiol on a KCl-pre-
contracted mesenteric artery and demonstrates rapid onset of
the response with the maximum relaxation to each concentra-
tion occurring within 5 min. Significant relaxations were only
observed at concentrations >3 uM. To examine the reversi-
bility of the vasodilatory response, a small number of
experiments (n=3) were carried out using a single concentra-
tion (30 uM) of 17 S-oestradiol. As is the full concentration
response curves, 30 uM 17 f-oestradiol caused a rapid
relaxation of depolarized tissues which was complete within
5 min. Upon washout with fresh KCl solution tension rose
rapidly to original pre-contracted levels within 5 min, i.e. the
vasodilation was rapidly reversible.

The magnitude of the vasodilatory responses to 17 fi-
oestradiol were similar in both coronary (n=6, n=135) and
mesenteric (=8, n=12) arteries and were not significantly
different in vessels contracted with either KCl or U46619
respectively (Figures 2 and 3).

Investigation of the role of the endothelium

All tissues studied had a functionally intact endothelium as
demonstrated by responses to the endothelium-dependent
vasodilator carbachol. In depolarized mesenteric arteries
10 um carbachol produced a relaxation of 43.9+2.14%
(n=28). This was significantly reduced to only 2.39+1.06%
(n=24) in the presence of L-NNA alone (P<0.001) and in the
additional presence of indomethacin to 9.354+0.74% (n=3)
(P<0.001). In mesenteric arteries constricted with U46619
(10 um) carbachol induced a vasodilatation of 94.45+2.78%
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Figure 1 The response of rat isolated pressurized mesenteric small artery pre-contracted with 60 mMm KCIl to increasing

concentrations of 17 f-oestradiol (0.01—-30 um).
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Figure 2 The effect of increasing concentrations of 17 f-oestradiol
(0.01-30 pm) of rat isolated mesenteric and coronary small arteries
pre-contracted with 60 mM KCI. The change in diameter is expressed
as a percentage of the change in diameter of each tissue observed to
60 mm KCl.

(n=3). This was significantly (P<0.001) greater than that
observed in depolarized tissues and was not blocked by L-
NNA alone or in the presence of indomethacin where
responses were 100+0% (n=3) and 93.54+3.29% (n=3)
respectively.

In coronary arteries similar responses were obtained to
those observed in mesenteric arteries. In depolarized arteries
carbachol produced a relaxation of 37.54+2.85% (n=11), a
response which was completely blocked by L-NNA alone
(n=10) and in the presence of indomethacin (4.54 +4.54%,
n=3, P<0.01). In vessels contracted with U46619 carbachol
resulted in a vasodilatation of 98.85+1.15% (n=3) which was
significantly greater than that observed in depolarized arteries
(P<0.001). This response was unaffected by L-NNA alone
(98.81+1.19%, n=3) and with indomethacin (95.65+6.15%,
n=>3).

Incubation with L-NNA had no significant effect on the
contractions of either mesenteric or coronary arteries to KCl
or to U46619. For mesenteric arteries changes in diameter were
154+ 13 yum (n=8) and 158+7 um (n=8) for KCl and

156+9 um (n=12) and 13947 um (n=12) for U46619 and,
for coronary arteries, 192+12 yum (n=6) and 168+11 um
(n=6) for KCl and 126+ 11 um (n=>5) and 125+7 um (n=>5)
for U46619 in the presence and absence of the inhibitor
respectively.

L-NNA had no effect on the vasodilatory responses
observed to 17 f-oestradiol in both mesenteric (n=8 for KClI,
n=12 for U46619) and coronary (n=6 for KCl, n=5 for
U46619) arteries. Again the responses obtained were
independent of the pre-constricting agent used and the vessel
type studied (Figure 4).

The effects of L-NNA and indomethacin on the responses to
17 p-oestradiol were examined in mesenteric arteries. Incuba-
tion with both inhibitors again did not significantly alter the
magnitude of the contractile response to either KCI or U46619,
reductions in lumenal diameter being, in the presence and
absence of the inhibitors; 182+ 11 yum (n=6) and 178 +7 um
(n=6) for KCl and 151+10 um (n=6) and 15447 um (n=06)
for U46619 respectively.

Responses to 17 f-oestradiol in the presence of L-NNA and
indomethacin were not significantly different from those in the
absence of the inhibitors (=6 for KCl and n=6 for U46619
respectively) (Figure 5).

Effects of ICI 182,780 on responses to 17 B-oestradiol

Incubation with 10 um ICI 182,780 had no effect on the
magnitude of the change in diameter of isolated pressurized
mesenteric arteries to 60 mM KCl (137+17 yum (n=6) and
181423 um (n=6)) and to 10 um U46619 (109 +20 um (n=06)
and 162414 um (n=06)) in the presence and absence of the
antagonist respectively.

Incubation with ICI 182,780 had no effect on the magnitude
of the relaxations observed to 17 f-oestradiol in arteries
contracted with either KCI (n=6) or U46619 (n=6) (Figure 6).

Effects of cycloheximide

Incubation of tissues with 100 uM cycloheximide for 1 h had
no effect on the resting lumenal diameter of pressurized arteries
nor on the vasodilatory responses observed to increasing
concentrations of 17 f-oestradiol on the same tissues (Figure
7). Cycloheximide also had no effect on the time course of the
responses to oestradiol.
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Figure 3 The effect of increasing concentrations of 17 S-oestradiol (0.01—-30 um) of (a) mesenteric and (b) coronary rat small
arteries contracted with either 60 mm KClI or 10 um U46619. The change in diameter is expressed as a percentage of the change in
diameter of each tissue observed to 60 mm KCI or 10 um U46619.
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Figure 4 The effect of 10 um L-NNA on responses to 17 f-oestradiol of (a) mesenteric and (b) coronary small arteries isolated from
the rat pre-contracted with 60 mm KCI and (c) mesenteric and (d) coronary small arteries isolated from the rat pre-contracted with

10 um U46619. The change in diameter is expressed as a percentage of the change in diameter of each tissue observed to 60 mm KCl
(a,b) or 10 um U46619 (c,d).
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Figure 5 The effect of 10 um L-NNA plus 10 uM indomethacin on the responses to 17 f-oestradiol of rat isolated mesenteric small
arteries pre-contracted with (a) 60 mMm KCI and (b) 10 um U46619 to 17 S-oestradiol. The change in diameter is expressed as a
percentage of the change in diameter of each tissue observed to 60 mm KCl (a) or 10 um U44619 (b).
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Figure 6 The effect of 10 um ICI 182,780 on the responses to 17 f-oestradiol of rat isolated mesenteric small arteries pre-
contracted with (a) 60 mm KCl and (b) 10 um U46619. The change in diameter is expressed as a percentage of the change in
diameter of each tissue observed to 60 mm KCI (a) or 10 um U44619 (b).

Effects of 17 a-oestradiol

17 a-oestradiol produced little relaxation of pressurized
mesenteric arteries pre-contracted with 60 mMm KCl (n=4).
Although a small vasodilatory effect of 17 a-oestradiol was
observed at high concentrations this was significantly smaller
than that observed to 17 f-oestradiol at similar concentra-
tions. Responses were 3.85+2.22% and 27.92+6.33% for
10 um 17 - and p-oestradiol and 11.854+6.96% and
54.49+5.30% for 30 uMm 17 a-oestradiol and 17 f-oestradiol
respectively (n=4) (P<0.005). (Figure 8).

Effects of conjugated oestradiol

E-H-BSA produced no effect on vascular tone at concentra-
tions that would result in 30 uM concentration of 17 f-
oestradiol. At higher concentrations, however, a significant
vasodilatory effect was observed. The magnitude of the
vasodilatation of E-H-BSA was similar to that observed to
E-H for similar concentrations of oestradiol (100 uM) being
46.03+6.04% KClin response to E-H-BSA and 49.83 +8.73%
KCl for E-H. These responses were not significantly different
from the responses observed to 30 umM 17 f-oestradiol alone on
the same tissues (Table 1). BSA alone, at concentrations

similar to those present in the E-H-BSA conjugate, had no
effect on arterial tone.

Effects of wortmannin

One uM  wortmannin produced a gradual relaxation in
pressurized mesenteric arteries pre-contracted with 60 mMm
KCIl. The maximum relaxation was 85.6+3.3% (n=4) of the
change in diameter observed to KCl which was significantly
greater than the relaxation observed to 30 um 17 S-oestradiol
(53.4+2.9%, n=4, P<0.001) in the same tissues. The
response to wortmannin was significantly slower compared to
that due to 17 f-oestradiol (t,=35.4+3.7 and 4.8 +0.3 mins
respectively and t,,s=14.8+2.8 and 1.3+0.5 mins respec-
tively, both P<0.005) (n=4) (Figure 9).

Discussion

The results of the present study demonstrate that 17 f-
oestradiol causes a relaxation of isolated pressurized rat
mesenteric and coronary vessels pre-contracted with either
KCl or U46619. The magnitudes of the relaxations were
independent of the pre-contracting agent used and the type of
vessel. The vasodilatory responses were unaffected by L-NNA
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and indomethacin and were thus presumed independent of
nitric oxide and prostaglandins. The relaxation observed to
17 p-oestradiol was unaffected by the oestrogen receptor
antagonist ICI 182,780 and to cycloheximide, an inhibitor of
protein synthesis. 17 a-oestradiol, a stereoisomer of 17 f3-
oestradiol, had only a small effect on arterial tone. 17 f3-
oestradiol rendered membrane-impermeant by conjugation to
BSA had a vasodilatory effect on arteries.

60 -
® - cycloheximide i
s - m + cycloheximide n
% /
X 40 - J
8
o
S
3
° 20
£
o
(o))
C
]
<
[

T 1

0.01 0.1 1 10 100
17R-oestradiol [uM]

Figure 7 The effect of 100 um cycloheximide on responses of
isolated rat mesenteric artery to 17 f-oestradiol (0.01-30 um). The
change in diameter is expressed as a percentage change in diameter of
each tissue to 60 mm KCl.

A direct relaxant effect of pharmacological concentrations
of 17 p-oestradiol has previously been demonstrated in a
number of isolated vascular strip or ring preparations (Jiang et
al., 1991; Mugge et al., 1993; Otter & Austin, 1998). In the
present study it was found that pressurized arteries responded
to 17 p-oestradiol over a similar concentration range to
previous studies in non-pressurized isolated vessels including
those we have previously reported in mesenteric arteries (Otter
& Austin, 1998). Thus, even vessels mounted on the
physiologically more relevant pressure myograph (where an
enhanced sensitivity to a number of agonists has been shown
(Dunn et al., 1994; Falloon et al., 1995)), exhibited a
vasodilator response to 17 f-oestradiol only at concentrations
which are significantly higher than circulating plasma
concentrations of both rat and man: range 0.02—1 nM and
1-10 nM respectively (Brown-Grant et al., 1970; Abraham et
al., 1972). This is in agreement with findings on pressurized
saphenous arteries (Kakus ez al., 1998) suggesting that neither
the type of vessel or the experimental methodology used
greatly effects in vitro arterial sensitivity to 17 f-oestradiol. In
view of this it is still unknown whether this direct vasodilatory
effect of oestrogens is physiologically important under normal
conditions. It may become important in situations of
compromised blood flow due, for example, to occlusion given
that small changes in lumenal diameter have profound effects
on vascular resistance to blood flow. This may increase greatly
the local concentration of oestrogen that would in turn dilate
the arteries increasing blood flow and therefore lowering the
plasma concentration of the oestrogen. A further considera-
tion is of course the fact that the circulating plasma
concentration of 17 f-oestradiol may not adequately reflect
the concentration of the lipophilic oestrogen at the site of
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Figure 8 A comparison of the effect of 17 f-oestradiol (0.01-30 um) and 17 a-oestradiol (0.01—-30 um) on rat isolated mesenteric

small arteries pre-contracted with 60 mm KCI.

Table 1
pressurized isolated rat mesenteric arteries

A comparison of the effects of 17B-oestradiol, B-oestradiol-17-hemisuccinate and B-oestradiol-17-hemisuccinate-BSA on

Time to maximum Time to half maximal

Change in diameter response response
(% KCI) (t10) (1)
17 B-oestradiol (n=3)
30 um 63.1+5.6% 3.734+0.09 min 1.7040.29 min
100 um -
B-oestradiol 17-
hemisuccinate (n=3) 30 um 11.1+3.7% 4.134+0.57 min 3.26+0.77 min
100 pm 49.8+8.7% 7.7342.43 min 3.9741.74 min
B-oestradiol 17-
hemisuccinate-BSA (n=3) 30 um 0 0 0
100 um 46.0+6.0% 11.60+1.90 min 8.33+2.36 min
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Figure 9 An example of the response of isolated pressurized rat mesenteric small arteries pre-contracted with 60 mm KCl to (a)

30 um 17 p-oestradiol and (b) 1 uM wortmannin.

action where it may be significantly higher. As the results of the
present study demonstrate similar responses to 17 f-oestradiol
in coronary and mesenteric small arteries, it appears that if the
cardioprotective effects of the hormone are related in any way
to its vasodilatory effects on the vasculature, they are not
specific to coronary arteries but are likely due to general
actions on the vasculature as a whole.

The mechanisms by which oestrogens influence arterial tone
are unclear. In vivo administration of 17 f-oestradiol has been
shown to increase endothelium-dependent vasodilatation to
acetylcholine (Gilligan ez al., 1994; 1995) and/or attenuate
abnormal acetylcholine-induced vasoconstriction (Herrington
et al., 1994; Collins et al., 1995) via mechanisms involving
nitric oxide (Van Buren et al., 1992). In addition, stimulation
of flow-induced vasodilatation following incubation with 17 f-
oestradiol also appears to be endothelium/nitric oxide-
dependent (Cockell & Poston, 1997). In contrast, however, in
our isolated pressurized preparations neither L-NNA or
indomethacin had any effect on the acute vasodilatory
responses to 17 f-oestradiol in either coronary or mesenteric
arteries. Thus, the acute responses of isolated pressurized
arteries to 17 f-oestradiol are independent of nitric oxide and
prostaglandins. It is now recognized that the endothelium may
also release a further factor, endothelium derived hyperpolar-
izing factor (EDHF) which may also act to reduce
contractility. EDHF has been shown to be particularly
important in small resistance arteries (Urakami-Harasawa et
al., 1997). In the present study we investigated the involvement
of EDHF by examining and comparing responses to 17 f-
oestradiol on tissues that had been pre-contracted by
depolarization (60 mM KCI) to those contracted by activation
with U46619. We have found that the relaxations evoked by
carbachol in depolarized tissues were blocked by L-NNA and
indomethacin suggesting that they were entirely due to release
of NO and prostaglandins. In tissues pre-contracted with
U46619, however, the responses to carbachol were not blocked
by the inhibitors suggesting that some other endothelial factor,
namely EDHF, may be involved. This may be expected as the
contraction due to U46619 has been shown to be associated

with much smaller changes in membrane potential than KCl
(Plane & Garland, 1996). Although EDHF may thus have an
effect in U46619 contracted arteries the magnitude of the
relaxations due to 17 f-oestradiol were similar in both types of
arteries making it unlikely that EDHF is involved in this
response. Endothelium-independent responses to 17 f-oestra-
diol have previously been demonstrated in arterial ring
preparations (Jiang et al., 1991; Mugge et al., 1993) whilst
others have shown a full or partial dependence on the
endothelium (McNeill et al., 1996; Otter & Austin, 1998). The
reason for these differences is unclear and factors such as size
and vascular origin of tissue, species and experimental
methodology may clearly contribute to the results obtained.

The classical genomic actions of oestrogens and other
steroids involve receptor activation, gene transcription and
protein synthesis and thus exert their actions fairly slowly (Lin
& Shain, 1985; Landers & Spelsberg, 1992; Losordo et al.,
1994; Bayard et al., 1995). The acute vasodilatory responses to
17 S-oestradiol observed in the present study are, however,
rapid with responses being complete within 5 min. This
observation in itself may suggest that these acute effects may
be mediated by non-genomic mechanisms and, in support of
this, it was found that cycloheximide, an inhibitor of protein
synthesis, had no effect on the responses. Clearly there are a
number of possibilities which must be considered as to the
mechanism of this acute oestrogenic effect. Firstly it may be
possible that 17 f-oestradiol interacts with the classical
oestrogen receptor to produce non-genomic effects. Secondly
17 p-oestradiol may be acting via another as yet unidentified
receptor or stereo-specific binding site, and thirdly, the
observed response may be due to non-specific effects of 17 f-
oestradiol.

The genomic effects may be inhibited by oestrogen receptor
antagonists such as ICI 182,780 (Wakeling & Bowler, 1992). In
the present study, however, it was found that ICI 182,780 had
no effect on the acute vasodilatory actions of 17 S-oestradiol.
Similar effects have also been demonstrated in vivo in canine
coronary arteries (Sudhir et al., 1995). These results suggest,
therefore, that the acute vasodilatory effects of 17 S-oestradiol
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are mediated via non-genomic effects that are independent of
the classical oestrogen receptor. The effects may therefore be
mediated via interactions at another as yet unidentified binding
site/receptor or may be due to non-specific effects for example
changes in membrane fluidity. In the present study, however, it
was found that 17 a-oestradiol induced only minor changes in
arterial diameter implying that the vasodilatory response is
stereospecific. This clearly suggests the involvement of a
specific binding site or receptor. This binding site could be
intracellular or on the plasma membrane.

To investigate the cellular point of interaction of 17 f-
oestradiol the effect of 17 B-oestradiol rendered membrane-
impermeant by conjugation to BSA (E-H-BSA) was
investigated. This membrane impermeant oestrogen also
reduced tone in pressurized arteries suggesting that these
acute effects of oestrogens are mediated via interactions at
the plasma membrane. It is recognized that higher
concentrations of conjugated 17 f-oestradiol were required
to elicit a response than unconjugated oestrogen. However,
similar effects were seen with the membrane permeable
conjugate E-H to the membrane impermeant E-H-BSA and
conjugation reduces the affinity of 17 f-oestradiol binding
at the classical oestrogen receptors (De Goeij et al., 1986).
Membrane binding of oestrogens have previously been
demonstrated in a number of different cell types although
specific binding sites and/or receptors have not yet been
characterized (Nenci et al., 1981; Bression et al., 1986;
Pietras & Szego, 1977). Functional evidence for the
existence of binding sites on the plasma membrane has
been obtained using conjugated membrane impermeant
oestrogens in a variety of cell types including neurons
(Mermelstein et al., 1996; Gu & Moss, 1998), splenic T
cells (Benten et al., 1998) and pancreatic f cells (Nadal et
al., 1998) where oestrogens have been reported to have a
variety of non-genomic effects including those on Ca**
homeostasis (Le Mellay et al., 1997, Nadal et al., 1998;
Beyer & Raab, 1998; Benten et al., 1998) and various ion
channels (Nadal ez al., 1998; Mermelstein et al., 1996; Gu
& Moss, 1998). Additionally, morphological analysis of
cells labelled with anti-oestrogenic antibodies, or fluores-
cently-tagged BSA conjugated to oestradiol, supports a
membranous binding site for 17 f-oestradiol (Pappas et al.,
1995; Benten et al., 1998). It is possible that the reported
localization of oestradiol-BSA-FITC conjugates in other cell
types is due to BSA binding to arachidonic acid in
membrane as has been proposed for smooth muscle (Beck
et al., 1998). Intracellular liberation of arachidonic acid is
likely to have complex effects on contractility (Gong et al.,
1992; van der Zee et al., 1995) but could possibly result in
inhibition of trans-sarcolemmal Ca®" influx (Nagano et al.,
1995) and thereby illicit vasodilatation. However, in the
present study, BSA alone did not alter vascular pressure
responsiveness at concentrations equivalent to those present
when conjugated to oestradiol. These results, taken together
with those of the present study, suggest that, in addition to
their well-documented genomic effects, oestrogens may also
have non-genomic effects that appear to be mediated
predominantly via stereospecific interactions at the plasma
membrane.

Although the existence of the classical oestrogen receptor
(ERo) in vascular tissues has been known for many years it has
recently been shown that oestrogens may also influence gene
expression through a newly described oestrogen receptor
(ERJf), both subtypes showing a similar binding affinity for
oestrogens (Pace et al., 1997). It is unclear which receptors
mediate the non-genomic effects of oestrogens such as those of

the present study. Although ERpf has been found in vascular
smooth muscle (Register & Adams, 1998; Makela ez al., 1999) it
has been localized, using immunohistochemistry, to the cell
nuclei of non-vascular tissues (Saunders ez al., 1997) suggesting
that it may not be mediating the membranous effects seen in the
present study. In contrast ERo have been detected on the
plasma membrane (Norfleet et al, 1999). In ovary cells,
however, transfection of cDNA for ERa and ERp resulted in
expression of both receptor subtypes and, while the majority
were found in the nucleus a small number (<3%) of both
receptors were located in the membrane (Razandi et al., 1999).
Thus, while it is clear that both receptor subtypes may be
expressed in the cell membrane it is clear that the relative
amounts of the receptors may vary greatly with cell type which
itself may influence cellular distribution (Wilson & McPhaul,
1996). In the absence of any data in vascular smooth muscle
itself therefore it is impossible to determine whether it is ERo,
ERJ or another as yet unidentified ER or specific binding site
which is involved in the responses we observed. This is further
complicated by a lack of data concerning the specificity of
ICI 182,780. Whilst the compound has been shown to inhibit
the genomic effects of oestrogens, which could presumably be
due to activation of both receptor subtypes, in a wide range of
tissues limited data suggests that it may exhibit subtype
selective effects on receptor stability (Van Den Bemd et al.,
1999). This emphasizes the need for the development of
selective antagonists for the two identified ER subtypes.

Smooth muscle contractility is governed primarily by the
calcium-calmodulin dependent phosphorylation of the reg-
ulatory myosin light chain (MLC,,) by myosin light chain
kinase (MLCK). Kitazawa et al. (1997) showed that 17 f-
oestradiol reduced force and MLC,, phosphorylation in
isolated rabbit femoral artery. Here, we have shown that
(non-receptor-mediated) inhibition of MLCK with wortman-
nin does result in a dramatic relaxation of pre-contracted
mesenteric arteries. The time-course of relaxation with MLCK
inhibition, although similar to that previously reported in
another vascular preparation (Takayama ez al., 1996), was
significantly slower than with 17 f-oestradiol. Although the
relative lipophilicities of 17 f-oestradiol and wortmannin are
unknown, this again supports the notion that the initial site of
action of 17 f-oestradiol is on the smooth muscle plasma
membrane consistent with reports that the vasodilatory action
of oestrogens may be related to reductions of plasmalemmal
Ca?" influx and consequent decreases in myosin light chain
phosphorylation (Nakajima et al., 1995; Kitizawa et al., 1997).

In conclusion, therefore, we have demonstrated that 17 f-
oestradiol similarly relaxes pressurized pre-contracted rat
coronary and mesenteric arteries although pharmacological
concentrations are required for any effects to be observed.
Summarily: (i) the rapid endothelial-independent vasodilatory
action of acute 17 f-oestradiol administration; (ii) the
stereospecificity of the effect; (iii) the significantly slower
time-course of action of another pharmacological intervention
acting downstream of receptor activation and impinging on the
same mechanistic end-point; (iv) the ineffectiveness of classical
oestrogen receptor inhibitors; and (v) the effectiveness of
membrane-impermeant oestradiol; all point to the existence of
a non-genomic smoooth muscle membranous vasodilatory
action of pharmacological doses of oestradiol.
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