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1 This study sought to evaluate whether the e�ects of acute and long-term treatment with 17-b-
estradiol on the vasomotor responses in rat aortic rings are mediated through the same mechanism.

2 Ovariectomized rats were treated daily with either 17-b-estradiol-3-benzoate (100 mg kg71) or
vehicle for 1 week.

3 The e�ect of long-term 17-b-estradiol treatment on the responses to cumulative doses of
phenylephrine, 5-HT, calcium, potassium and 17-b-estradiol was determined in aortic rings. In the
same rings, the e�ect of acute exposure to 17-b-estradiol (5 and 10 mM) on the dose response curves
for phenylephrine, 5-HT, calcium, potassium and acetylcholine were estimated. The measurements
were made in rings with and without intact endothelium. The tone-related basal release of nitric
oxide (NO) was measured in rings with intact endothelium.

4 Long-term 17-b-estradiol treatment reduced the maximum developed contraction to all
contracting agents studied. This e�ect was abolished in endothelium denuded vessels. Acute 17-b-
estradiol treatment also reduced maximal contraction. This e�ect, however, was independent of the
endothelium.

5 Long-term 17-b-estradiol treatment signi®cantly increased the ability of the rings to dilate in
response to acetylcholine whereas acute exposure to 17-b-estradiol had no e�ect. The tone-related
release of NO was signi®cantly increased after long-term exposure to 17-b-estradiol.
6 In conclusion, this study indicate that the acute and long-term e�ects of 17-b-estradiol in the rat
aorta are mediated through di�erent mechanisms. The long-term e�ect is mediated through the
endothelium most likely by increasing NO release. In contrast, the acute e�ect of 17-b-estradiol
seems to be through an e�ect on the vascular smooth muscle cells.
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Abbreviations: EC50-value, concentration of agonist causing a half-maximal response; L-NAME, No-nitro-L-arginine methyl
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Introduction

Cardiovascular disease is more prevalent in men and post-
menopausal women than in pre-menopausal women or post-
menopausal women treated with oestrogen replacement

therapy (Sullivan et al., 1988; Barret-Connor & Bush, 1991;
Stampfer et al., 1991). Observations which suggest a
cardioprotective e�ect of oestrogen. Although randomized

clinical trials are yet to come, the protective action of
oestrogen has been demonstrated in numerous animal studies
(Kushwaha & Hazzard 1981; Adams et al., 1990; Holm et al.,

1995; Sulistiyani et al., 1995).
The cardioprotective e�ect of oestrogen has been explained

by its ability to lower plasma cholesterol (Walsh et al., 1991).
However, oestrogen also has a direct e�ect on the arterial wall

(Bush et al., 1987; Holm et al., 1997). Long-term treatment of
cholesterol-fed monkeys with 17-b-estradiol has been shown to
augment the endothelium dependent vasodilatory response to

acetylcholine, an e�ect which also has been illustrated in
humans (Williams et al., 1990; Herrington et al., 1994; Collins
et al., 1995). This e�ect has also been demonstrated after acute

administration of 17-b-estradiol (520 min) (Williams et al.,
1992). These ®ndings are of particular interest as several
studies have demonstrated a relationship between endothe-

lium-dependent vasodilatation and the development of

atherosclerosis in both animals and humans (Ludmer et al.,
1986; Gilligan et al., 1994; Reis et al., 1994; Collins et al.,
1995). Considering these observations, it has been hypothe-

sized that an impaired endothelium-dependent vasodilatation
is a predictor for the development of atherosclerosis (Hayashi
et al., 1995). Accordingly, drugs which are able to prevent this

reduction could potentially prevent the development of
atherosclerosis (Hayashi et al., 1997).

The function of the endothelium is easily studied in an

isolated vessel preparation and this method has been used
extensively to study the e�ects of acute and long-term
treatment of 17-b-estradiol on the vasomotor responses of
di�erent vessels (Vargas et al., 1989; Miller & Vanhoutte 1990;

Jiang et al., 1992; Paredes-Carbajal et al., 1995). However, the
e�ects of the two treatments have never been directly
compared. This in spite of the fact that the e�ect seen after

acute exposure to 17-b-estradiol in vitro have been used to
explain the cardioprotective role of long-term 17-b-estradiol
treatment (Collins et al., 1993; Han et al., 1995; Kitazawa et

al., 1997). One obvious di�erence between the two types of 17-
b-estradiol treatments are the concentration need to initiate the
e�ects seen. While the plasma concentration needed to mediate

the long-term e�ects of 17-b-estradiol is within the nanomolar
range, it requires concentrations that are approximately 1000
times higher to initiate the acute e�ect seen in vitro. Some
authors, however, have suggested that the dose question*Author for correspondence.
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regarding the concentration is more of a technical nature as the
actual concentration achieved in the tissue in vivo might be
higher than the circulating plasma level (Collins et al., 1993;

Kitazawa et al., 1997). This e�ect is explained partially by the
lipophilic nature of 17-b-estradiol and the ability of vascular
smooth muscle cells to synthesize 17-b-estradiol (Bayard et al.,
1995). A similar phenomenon is known to occur with the

calcium channel blocker nifedipine (Opie & Singh, 1987) where
a higher concentration in vitro than in vivo is necessary to elicit
vascular e�ects. Furthermore, one of the limitations of the

previous studies has been that only very few agents which
a�ect the vasomotor responses have been studied. This
questions whether the e�ect seen is speci®c for the individual

agent or it is of a more general nature.
The current study therefore, examines whether the e�ects of

acute and long-term 17-b-estradiol treatment on the vasomo-

tor responses of the rat aorta by using a variety of agents with
di�erent mechanisms of action. Additionally, the interaction
between acute and long-term 17-b-estradiol treatment is
examined.

Methods

Animals

Sixty-two sexually mature, 8-weeks-old, female Sprague-
Dawley rats (200 ± 220 g) from Mùllegaards Breeding Centre
(Ll. Skedsved, Denmark) were individually housed under

controlled conditions with food and water ad libitum. In all
rats, bilateral ovariectomy was performed through an
incision on the back under halothane anaesthesia. After
surgery, buprenorphine (0.015 mg rat71, s.c.) was adminis-

tered to reduce postsurgical pain. A 6 ± 7 day recovery
period was allowed prior to the initiation of treatment. The
animals were divided into two experimental groups treated

daily with either 17-b-estradiol-3-benzoate (100 mg kg71, s.c.)
or vehicle for seven days. This treatment was de®ned as
long-term treatment. All the experiments were performed in

accordance with the Danish legislation on use of animals in
research.

Aortic ring preparation

On the day of experiment, the rats were euthanized by
cervical dislocation. The thoracic aorta was immediately

isolated and cut into four rings (3 mm long). Each ring was
suspended in an organ bath (5 ml) between two parallel
stainless steel hooks. One hook was ®xed, while the other

was connected to a force transducer for the measurement of
isometric tension. The organ baths contained a Krebs
solution at 378C, bubbled with 95% O2 and 5% CO2. The

composition of the Krebs solution was as follows (mM):
NaCl 121.5; KCl 4.7; CaCl2 2.5; MgSO4 1.2; KH2PO4 1.2,
NaCHO3 25.0 and glucose 11.1. In Krebs solutions with
high concentrations of potassium, the potassium was

exchanged with sodium on a molar basis. The rings were
initially stretched until a basal tension of 2.0 g and allowed
to equilibrate for at least 45 min. At a basal tension of 2.0 g

the rings were found to develop maximal active tension to
stimulation with a contracting agent.

Bioassay

Each experiment began with the repeated contraction of the
rings with 80 nM phenylephrine until the responses were

reproducible. The responses were de®ned as reproducible
when the ¯uctuation around the mean value of three
consecutive responses was less than+10%. Rings from the

two long-term treatment groups were always studied in
parallel. In the ®rst part of the study, a set of rings with
functionally intact endothelium were studied. The presence
of functional endothelium was veri®ed at the beginning of

each experiment by the ability of acetylcholine (10 mM) to
relax a precontracted vessel (Furchgott & Zawadzki, 1980).
Vessels that were able to relax less than 20% were excluded

from the study. In the second part of the study rings
denuded from the endothelium were investigated. The rings
were excluded from this part of the study if they were able

to relax to acetylcholine. Except for the acetylcholine dose-
response curve and the basal release of nitric oxide (NO)
which for obvious reasons was not determined in the

endothelium denuded arteries the following dose response
curves were determined in both parts of the study. Each ring
was exposed to only one contracting or dilating agent.

The in¯uence of 17-b-estradiol on the dose response
curves for phenylephrine, 5-HT and potassium

The e�ect of long-term 17-b-estradiol treatment on
cumulative dose response curves for either phenylephrine,
5-HT or potassium was determined in the concentration

range of 1079 ± 1075
M, 1078 ± 1073

M and 5 ± 126 mM,
respectively. Following this determination, the rings were
washed in Krebs solution and allowed to relax. The e�ect of

acute 17-b-estradiol treatment on the dose response curves
was then evaluated by adding 5 mM of 17-b-estradiol to the
bathing solution 30 min prior to obtaining a second series of
dose response curves. This procedure was repeated with

10 mM 17-b-estradiol. Pilot studies had demonstrated that
the dose response curves were reproducible over the time of
the experiments.

The in¯uence of 17-b-estradiol on the dose-response
curve for calcium

The e�ect of 17-b-estradiol on the dose response curve for
calcium was determined after removal of the extracellular
calcium. Twenty minutes prior to the determination, the

extracellular calcium was removed by adding a calcium-free
Krebs solution containing 100 mM EDTA to the organ bath.
Complete removal of the extracellular calcium was tested by

demonstrating that no contraction occurred in response to a
calcium-free Krebs solution containing potassium (100 mM). A
cumulative dose response curve for calcium between 1 mM and

7.5 mM was determined. Although maximum contraction was
not reached at 7.5 mM calcium, it was not possible to increase
the concentration of calcium further since the calcium-

sensitivity of the tissue was found to decrease after exposure
to higher concentrations of calcium. The in¯uence of acute
exposure to 17-b-estradiol was investigated as described above.

The in¯uence of 17-b-estradiol on the dose response
curve for acetylcholine

A cumulative dose response curve for acetylcholine (1078 ±
1075

M) was determined on rings precontracted with
phenylephrine (10 mM) in order to investigate the in¯uence of

long-term 17-b-estradiol treatment on endothelium dependent
vasodilatation. The in¯uence of acute 17-b-estradiol treatment
was investigated as described above. A time control was
included in these experiments.
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Basal release of NO

The e�ect of long term 17-b-estradiol treatment on the basal

release of NO was quanti®ed by measuring the contraction
developed to 100 mM No-nitro-L-arginine methyl ester (L-
NAME) on precontracted rings. The rings were precontracted
with phenylephrine to 30% of the contraction developed to

126 mM potassium.

The direct vasodilating e�ect of 17-b-estradiol

To determine if the vasodilating e�ect of 17-b-estradiol was
a�ected by long-term 17-b-estradiol treatment, a cumulative

dose response curve for 17-b-estradiol (1078 ± 1073
M) was

obtained in precontracted rings. The rings were precontracted
with a dose of phenylephrine that was equivalent to 50% of the

contraction developed to potassium (126 mM)

Evaluation of oestrogen exposure in vivo

To evaluate the in vivo exposure to 17-b-estradiol, blood
samples from 17-b-estradiol-3-benzoate on vehicle treated
animals (n=6) were taken and the plasma level of 17-b-
estradiol was determined by Medi-Lab (Copenhagen, Den-
mark). Furthermore, the uteri from these animals were
dissected free and weighed.

Data analysis

For each ring, the response to the highest concentration of the
contracting agent was de®ned as the maximum contraction
(100%), this also applies to the dose response curves for
calcium. The EC50-values were calculated by Excel

(Microsoft1) by ®tting an exponential curve to the data. The
e�ects of the various agents on the vascular reactivity were
compared by a two way analysis of variance. A P-value below

0.05 was taken as signi®cant.

Drugs

Acetylcholine, L-phenylephrine, 5-HT.kreatininsulphate, No-
nitro-L-arginine methyl ester and water-soluble 17-b-estradiol
(from Sigma Chemicals) was dissolved in isotonic glucose

solution (278 mM). 17-b-estradiol-3-benzoate (Sigma) was
suspended in saline and propylene glycol (Fluka) 1 : 1. All
other chemicals used were obtained from Merck.

Results

Acute and long-term e�ects of 17-b-estradiol treatment
on contraction in rings with intact endothelium

Long-term treatment with 17-b-estradiol signi®cantly
(P=0.002, n=24) decreased the maximal developed tension
to all the contracting agents studied by 13 ± 17%, as compared

to the control (Figure 1). The sensitivity (calculated as the
concentration of agonist causing a half-maximal response
(EC50-value)) to neither phenylephrine, 5-HT nor calcium was

a�ected (Table 1, Figure 1). The sensitivity to potassium,
however, was decreased by 20% as compared to the control
group (P=0.01, n=6) (Table 1).

As in the case of long-term exposure to 17-b-estradiol,
acute exposure to 17-b-estradiol also decreased the maximal
developed tension to all contracting agents investigated
compared to the control situation (Figure 2), although it

only reached statistical signi®cance after exposure to 10 mM.
It was, however, not possible to estimate the maximal
contraction developed to calcium after acute exposure to

17-b-estradiol (see Methods and Figure 2c). The sensitivity to
both phenylephrine and 5-HT was reduced after acute
exposure to 17-b-estradiol although it only reached statistical
signi®cance after exposure to 10 mM in the case of

phenylephrine. Acute exposure to 17-b-estradiol caused an
almost parallel right-ward shift of the dose response curve for
calcium (Figure 2c). Under the assumption that the same

maximal contraction could be reached as in the control rings,
the sensitivity to calcium in the presence of 17-b-estradiol was
calculated. Under these circumstances the sensitivity to

calcium was statistically signi®cant and reduced both in the
presence of 5 and 10 mM 17-b-estradiol. The sensitivity to
potassium was not a�ected by acute exposure to 17-b-
estradiol.

There was no interaction between the e�ects of long-term
and acute exposure to 17-b-estradiol on either the maximum
contraction or the sensitivity i.e. the e�ect of acute exposure to

17-b-estradiol was not dependent on the long-term treatment.

Acute and long-term e�ects of 17-b-estradiol treatment
on dilation

Long-term treatment with 17-b-estradiol signi®cantly in-

creased the maximum relaxation to acetylcholine by 10%
(P=0.038; n=9) without a�ecting the sensitivity (Figure 3).
Acute treatment with 17-b-estradiol, however, had no e�ect on
either the maximum contraction or the sensitivity to acetylcho-
line (data not shown).

17-b-estradiol dose dependently dilated the rings with a
maximum relaxation of 65 ± 68% and an EC50-value of 16 ±

22 mM. This e�ect was not a�ected by long-term 17-b-estradiol
treatment (Figure 4).

Tone related NO-release

Long-term 17-b-estradiol treatment increased the basal release
of NO measured as contraction to L-NAME from 40% in the
control rings to 57% in the rings treated with 17-b-estradiol
(P=0.034; n=7).

E�ect of endothelium denudation on contraction after
acute and long-term 17-b-estradiol treatment

In a separate set of rings, the endothelium was denuded. In
these rings an e�ect of the long-term 17-b-estradiol
treatment was observed on the maximal contraction to any

of the contracting agent studied. (P=0.28, n=26 ± 32,
Figure 1). The long-term 17-b-estradiol treatment did not
a�ect the EC50-value to any of the contracting agents.

(Table 2). However, independent of the long-term treatment
with 17-b-estradiol the rings denuded of endothelium were
2 ± 6 times more sensitive to phenylephrine and 5-HT than
the rings with functional endothelium (compare Tables 1

and 2). The acute 17-b-estradiol treatment was independent
of the presence of the endothelium (Figure 5). The same
was true for the direct vasodilatory e�ect of 17-b-estradiol
(Figure 4).

Level of in vivo exposure to 17-b-estradiol

The plasma levels of 17-b-estradiol in the samples taken from
treated animals were &100 pg ml71 (0.4 nM) whereas the
concentration in the vehicle treated animals were below the
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detection level of 20 pg ml71. The normal plasma level of 17-b-
estradiol in rats that have been reported in the literature varies
from 20 ± 360 pg ml71 for non-pregnant rats (Wellman et al.,

1996; Huang et al., 1997). The physiological e�ect of the
treatment was detected by an increase in the uterus weight
from 133+5 mg to 549+26 mg (P50.05, n=6).

Figure 1 The e�ect of long-term exposure to 17-b-estradiol-3-benzoate (100 (mg day) kg71) on the dose response curve for (a)
phenylephrine (b) 5-HT and (c) calcium in endothelium intact and endothelium denuded rings.

Table 1 7Log (EC50) to di�erent contracting agents in rings with intact endothelium

Acute treatment
Contracting agent In vivo treatment Control 17-b-estradiol (5 mM) 17-b-estradiol (10 mM)

Phenylephrine

5-HT

Ca2+

Potassium

Vehicle
Estradiol
Vehicle
Estradiol
Vehicle
Estradiol
Vehicle
Estradiol

7.24+0.08 (6)
7.27+0.07 (6)
5.38+0.08 (6)
5.42+0.05 (6)
3.99+0.09 (6)
3.88+0.09 (6)
1.54+0.02 (6)
1.46+0.01* (6)

7.09+0.10 (6)
7.09+0.06 (6)
5.09+0.15# (6)
5.15+0.07# (6)
3.21+0.11# (6)
3.03+0.19# (6)
1.52+0.03 (6)
1.48+0.03 (6)

6.77+0.25# (6)
7.03+0.10# (6)
5.11+0.14# (6)
4.97+0.08# (6)
2.94+0.11# (6)
2.56+0.25# (6)
1.49+0.04 (6)
1.37+0.05 (6)

(Mean+s.e.mean) (n). *Indicates that there is a signi®cant di�erence between the in vivo treatments. #Indicates that there is a signi®cant
di�erence compared to the control for the acute treatment.
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Figure 2 The e�ect of acute exposure to 17-b-estradiol on the dose response curve for (a) phenylephrine (b) 5-HT (c) calcium and
(d) potassium in endothelium intact rings exposed to vehicle for seven days.

Figure 3 The long-term e�ect of 17-b-estradiol-3-benzoate (100 (mg
day) kg71) or vehicle on the dose response curve for acetylcholine.

Figure 4 The e�ect of long-term exposure to 17-b-estradiol-3-
benzoate (100 (mg day) kg71) on the dose response curve 17-b-
estradiol in endothelium intact and endothelium denuded rings.
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Discussion

To the best of our knowledge, this is the ®rst study to

demonstrate that the e�ects of acute and long-term 17-b-
estradiol treatment on vasomotor responses may not be
mediated through the same mechanisms. While the acute
e�ect was independent of the presence of a functional

endothelium, the e�ect of long-term treatment was

abolished after the endothelium was removed. In addition,
this study demonstrates that the acute e�ect of 17-b-
estradiol treatment is una�ected by long-term treatment.

Long-term e�ects of 17-b-estradiol

The maximum developed contraction to phenylephrine was

signi®cantly decreased after long-term 17-b-estradiol treat-

Figure 5 The e�ect of acute exposure to 17-b-estradiol on the dose response curve for (a) phenylephrine, (b) 5-HT and (c) calcium
in endothelium denuded rings exposed to vehicle for seven days.

Table 2 7Log (EC50) to di�erent contracting agents in rings with denuded endothelium

Acute treatment
Contracting agent In vivo treatment Control 17-b-estradiol (5 mM) 17-b-estradiol (10 mM)

Phenylephrine

5-HT

Ca2+

Vehicle
Estradiol
Vehicle
Estradiol
Vehicle
Estradiol

7.98+0.21 (9)
8.09+0.33 (8)
6.00+0.14 (9)
5.80+0.09 (7)
3.79+0.04 (9)
3.58+0.14 (7)

7.34+0.05# (9)
7.13+0.15# (8)
5.67+0.03# (9)
5.46+0.11# (6)
3.31+0.24# (9)
3.08+0.20# (6)

7.06+0.14# (9)
7.24+0.14# (8)
5.18+0.12# (9)
5.50+0.09# (7)
3.05+0.11# (9)
2.78+0.22# (7)

(Mean+s.e.mean) (n). #Indicates that there is a signi®cant di�erence compared to the control for the acute treatment.
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ment in this study, an e�ect which has previously been
demonstrated both in vivo and in vitro (Ezimokhai et al.,
1994; Williams et al., 1994; Paredes-Carbajal et al., 1995). It

has been proposed that long-term 17-b-estradiol treatment
a�ects the a-adrenergic receptor density and/or a�nity
(Bento & Moraes, 1992; Collucci et al., 1982; Gisclard et
al., 1988; Larson et al., 1984). However, the e�ect observed

in this study seems more general in nature since the
maximum developed contraction to two di�erent receptor
ligands (a1-adrenoceptor and 5-HT) and the contraction

mediated by passive depolarization of the vascular smooth
muscle was a�ected. This is supported by the work of
Honda et al. (1996) and Vedernikov et al. (1997) who also

found that the maximum developed contraction to potas-
sium was a�ected by long-term 17-b-estradiol treatment.
Thus, the long-term e�ect of 17-b-estradiol cannot be

explained solely by an e�ect on receptor density and/or
receptor a�nity.

Another mechanism suggested to explain the long-term
e�ect of 17-b-estradiol on the vasomotor responses is via

processes in the endothelium. The endothelium produces and
releases various vasoactive substances that modulate the
response of the underlying vascular smooth muscle cells

(Furchgott & Zawadzki, 1980; Furchgott & Vanhoutte, 1989;
Vita et al., 1990). One of the mediators has been identi®ed as
NO that is released under agonist stimulation (Palmer et al.,

1987). There is, however, also evidence for a continuous
release of NO both in vivo and in vitro (Gri�th et al., 1984;
Rees et al., 1989). Indeed, we found a dose dependent

relaxation to acetylcholine in rings with intact endothelium
and evidence for a basal release of NO. Both these e�ects
were increased after long-term 17-b-estradiol treatment. It
therefore seems possible that one of the mechanisms by

which long-term 17-b-estradiol treatment can depress the
contraction is by increasing the release of NO from the
endothelial cells.

To investigate the role of the endothelium in the long-term
e�ect of 17-b-estradiol, we included a set of experiments in
which the endothelium was removed. Removal of the

endothelium abolished the e�ect of the long-term 17-b-
estradiol treatment, indicating that the site of action of long-
term 17-b-estradiol treatment is associated with the endothe-
lium, a ®nding which has also been previously reported by

others (Maddox et al., 1987; Paredes-Carbajal et al., 1995;
Wellman et al., 1996; Meyer et al., 1997). These ®ndings are
supported by reports studying various e�ects of 17-b-estradiol
on the endothelial NO synthases all showing that a treatment
period of approximately 24 h is necessary for the e�ect to
become apparent (Weiner et al., 1994; Hayashi et al., 1995;

Hishikawa et al., 1995; Magness et al., 1997; Wingrove &
Stevenson, 1997).

Our ®ndings therefore, suggest that long-term 17-b-
estradiol treatment a�ects the vasomotor responses through
increasing the release of endothelium dependent NO. This
process, in turn, decreases the ability of the aorta to
contract to di�erent contracting agents and increases the

dilation to acetylcholine. The endothelium, however, also
produces various other vasoactive substances which is
a�ected by estrogen treatment e.g. prostaglandins and

endothelin-1 (Myers et al., 1996; Wingrove & Stevenson,
1997). However, it was not the scope of these paper to
investigate a particular mechanism by which long-term 17-b-
estradiol a�ects vascular reactivity but only to elucidate
whether it is reasonable to assume that the mechanism by
which acute and long-term treatment with 17-b-estradiol is
identical.

Acute e�ects of 17-b-estradiol

In this study we demonstrated a direct dilatory e�ect of 17-b-
estradiol, an e�ect which was observed within 5 min after the
application of the compound to the vessel. Based on this
®nding and previous reports (Jiang et al., 1991; MuÈ gge et al.,
1993; Chester et al., 1995) it seems unlikely that this e�ect is

mediated through the classical nuclear/cytostolic oestrogen
receptors, although both the classical oestrogen receptor and
speci®c binding site for steroidal sex hormones in cell

membranes have been described (Pietras & Sezego, 1979;
Karas et al., 1994; Losordo et al., 1994). Also, to support this
hypothesis various studies have shown that the acute e�ects of

17-b-estradiol was una�ected by inhibiting the protein
synthesis (Wellman et al., 1996; Kitazawa et al., 1997).
Furthermore, the e�ects have been demonstrated to be readily

reversible, which is incompatible with an e�ect on gene
activation (Kitazawa et al., 1997) and the binding of various
oestrogenic compounds to the nuclear oestrogen receptor do
not re¯ect their ability to inhibit evoked contraction (Kitazawa

et al., 1997). On the other hand, the e�ects of the acute 17-b-
estradiol exposure do not seem to be due to an unspeci®c
action of 17-b-estradiol on the cell membrane since it does not
a�ect cell membrane resting potential and 17-b-estradiol and
17-a-estradiol have the same physio-chemical properties but
not the same inhibitory e�ect on contraction (Vargas et al.,

1989; Thomas et al., 1995).
It has been hypothesized by several authors that 17-b-

estradiol is a calcium-channel antagonist (Stice et al., 1987;

Jiang et al., 1991; 1992; Collins et al., 1993; Salas et al.,
1994). Our acute 17-b-estradiol treatment caused an almost
parallel right-ward shift in the dose response curve for
calcium under depolarization condition, supporting this

hypothesis. Inhibition of calcium-in¯ux could explain the
endothelium independent inhibition of the contraction seen
after acute 17-b-estradiol treatment in this study. Indeed, this

is supported by the observations of Vargas et al. (1989) who
found that the inhibitory e�ect of 17-b-estradiol on the dose
response curve for phenylephrine was completely abolished

under calcium-free conditions. Also, it has been reported that
the inhibitory e�ect of 17-b-estradiol on the contractile
response to U46619 was weaker under calcium-free condi-
tions (Han et al., 1995). Work by Han et al. (1995) has

shown that 17-b-estradiol relaxes arteries by inhibiting
calcium in¯ux without a�ecting the calcium sensitivity of the
contractile proteins or the resting tone of the arteries whereas

patch-clamp studies have further revealed that 17-b-estradiol
inhibits the voltage operated calcium-current (L-type) in
vascular smooth muscle cells. Findings which are in harmony

with the parallel shift of the calcium dose response curve
under depolarization condition (Jiang et al., 1992; Zhang et
al., 1994). All ®ndings explain the parallel right-ward shift of

the calcium-dose response curve after acute 17-b-estradiol
treatment and the endothelium independent inhibition of the
contraction to various agents seen after acute 17-b-estradiol
treatment.

Even though the hypothesis of 17-b-estradiol being a
calcium-antagonist seems to explain most of the e�ects of
acute 17-b-estradiol treatment, it does not explain the direct

vasodilatory e�ect of 17-b-estradiol. Indeed, the vasodilatory
e�ect of 17-b-estradiol has been demonstrated to be
independent of the presence of extracellular calcium (Babai

et al., 1995). However, neither does this e�ect seem to be
mediated through an increase in NO release, since it was found
to be endothelium independent. In contrast to the e�ect of
long-term 17-b-estradiol treatment where most of the observed
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e�ects seems to be explained by an increase in NO synthesis
and release, this mechanism does not explain any of the e�ects
seen after acute 17-b-estradiol treatment, since we did not

observe any e�ect on the NO system after acute 17-b-estradiol
treatment. Taken together, these results demonstrate that the
e�ect of 17-b-estradiol on NO production is only seen after
long-term treatment.

Another possible mechanism of action for 17-b-estradiol
could be through inhibition of tyrosine kinases in the vascular
smooth muscle cell. Tyrosine kinases play an important role in

the development of contraction mediated by di�erent agonists,
an e�ect which is accomplished within minutes (Laniyonu et
al., 1994; Jinsi & Deth 1995; Toma et al., 1995; Yousif et al.,

1997). Indeed, many of the so called phyto-oestrogens,
compounds with oestrogenic activity isolated from plant
material, are known tyrosine kinase inhibitors (e.g. genistein

and tyrophostine). Also, both 17-b-estradiol and tyrosine
kinase inhibitors has been described to modulate arterial
contractility in vivo as well as in vitro (Williams et al., 1994;
Paredes-Carbajal et al., 1995; Jinsi & Deth 1995; Sauro et al.,

1996) an e�ect which has been shown to be independent of
extracellular calcium (Abebe & Agrawal, 1995). The direct
vasodilating e�ect of 17-b-estradiol could therefore be

mediated via an inhibition of the tyrosine kinases in the
vascular smooth muscle cell, however, this theory remains
speculative at the moment.

In conclusion, this study demonstrates that the acute and

long-term e�ect of 17-b-estradiol in the rat aorta is probably
mediated through di�erent mechanisms. Furthermore, this
study suggests that the long-term e�ect is mediated through the

endothelium most likely by increasing NO release. The acute
e�ect seems to be mediated through an e�ect on the calcium
homeostasis in the vascular smooth muscle cells independent

of the endothelium. Certainly other mechanisms can be
involved in both e�ects.

We are extremely grateful for the critical review of the manuscript
by Dr Ronda Stavisky and for the excellent technical assistance
from Anne Lund.
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