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1 This study was undertaken to determine whether endothelium-dependent relaxations are altered
in mesenteric arteries from young female rats during oestrus cycle and after castration.

2 The contractile response to phenylephrine (Phe) was signi®cantly enhanced in arteries from rats
subjected to ovariectomy than in those from sham-operated (control) rats. Treatment of
ovariectomized rats with 17b-oestradiol returned the Phe response to the control level. Arteries
from rats at the diestrus stage also exhibited greater contraction in response to Phe. In the presence
of 100 mM NG-nitro-L-arginine (L-NOARG), the enhancement of the Phe contractile response
associated with oestrogen de®ciency was not observed.

3 Endothelium-dependent relaxations elicited by acetylcholine (ACh) in arteries precontracted with
Phe were signi®cantly reduced in ovariectomized and diestrus rats regardless of whether
endothelium-derived nitric oxide (NO) was blocked with L-NOARG. Treatment with 17b-oestradiol
prevented the reduced vascular relaxant response to ACh in ovariectomized rats. The reduction in
the ACh responses observed in ovariectomized and diestrus rats was eliminated when 500 nM
apamin and 100 nM charybdotoxin were present.

4 ACh-induced endothelium-dependent hyperpolarizations were depressed in arteries from
ovariectomized and diestrus rats. The hyperpolarizing response to ACh was signi®cantly improved
when ovariectomized rats were treated with 17b-oestradiol. The resting membrane potentials and
pinacidil-induced hyperpolarizations were una�ected by ovariectomy or the diestrus stage.

5 These results suggest that oestrogen-de®cient states of both short and long duration reduce the
basal release of NO from the endothelium and speci®cally attenuate endothelium-dependent
hyperpolarization and relaxation transduced by endothelium-derived hyperpolarizing factor.
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Introduction

Epidemiological investigations have demonstrated that
cardiovascular disease is a major cause of morbidity and

mortality in men and postmenopausal women. It has been
reported that oestrogen replacement therapy in postmeno-
pausal women reduces the risk of cardiovascular diseases

(Lerner & Kannel, 1986; Barrett-Connor & Bush, 1991),
although a recent study has cast some doubt on the validity
of this notion (Hulley et al., 1998). In addition, women who

underwent early menopause, either surgically or naturally, are
at increased risk of developing coronary heart disease in
comparison with premenopausal women of the same age
(Colditz et al., 1987). Therefore, oestrogen de®ciency,

independently of aging, may be responsible for the enhanced
risk of cardiovascular diseases.

Although there is accumulating evidence for the protection
by oestrogen replacement therapy against cardiovascular

diseases, the exact mechanism of the favourable role of
oestrogen in cardiovascular diseases still remains unsettled.
Several studies suggest that oestrogen may cause a decrease

in low-density lipoprotein and an increase in high-density
lipoprotein, and thereby improve the lipid metabolism (Bush
et al., 1987; Barrett-Connor & Bush, 1991). In addition to the

favourable changes in lipid metabolism, there is evidence that
oestrogen has a direct bene®cial e�ect on cells/structures
within the arterial wall independently of its lipoprotein e�ects
(Sudhir et al., 1995; Holm et al., 1997).

Alterations in endothelial functions, especially changes in
nitric oxide (NO) production, have been suggested to be one
of the cellular mechanisms regulated by oestrogen in its

preventive e�ect on the development of cardiovascular
diseases (Hishikawa et al., 1995; Caulin-Glaser et al., 1997).
Ovariectomy-induced impairment of endothelium-dependent
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relaxation (Gisclard et al., 1988) further supports the notion
that oestrogen exerts its favourable e�ects on the vascular
system through regulating endothelial functions.

Endothelium-dependent relaxation, one of the important
endothelial functions, is known to be mediated by three
di�erent endothelium-dependent relaxing factors: NO, en-
dothelium-derived hyperpolarizing factor (EDHF) and pros-

tacyclin (Vanhoutte et al., 1986). A number of reports
implicate NO production in the endothelium as an important
target of exogenous as well as endogenous oestrogen

(Hayashi et al., 1992; Bell et al., 1995). However, the
in¯uence of the oestrogen status on EDHF-mediated
endothelium-dependent relaxation has not been fully investi-

gated, although a recent work suggests that EDHF-mediated
vasodilation is greatly a�ected by oestrus cycle and
pregnancy (Dalle Lucca et al., 2000). Therefore, the aim of

the present study was to examine how oestrogen status a�ects
endothelium-dependent vascular relaxations mediated by NO
and EDHF in young female rats. In addition to the oestrogen
depletion after ovariectomy, we examined endothelium-

dependent relaxation of mesenteric arteries obtained from
female rats during oestrus cycle, i.e., the proestrous to oestrus
stage and the diestrus stage, since the non-physiological

e�ects associated with ovariectomy, such as depletion of
circulating progesterone, are avoided.

Methods

Animal preparation

All procedures were performed in accordance with the
guidelines of the Hokkaido University School of Medicine

Animal Care and Use Committee. Female 8-week-old Wistar
rats (150 ± 160 g) were divided randomly in three groups,
sham-operated, ovariectomized, and treated with 17b-oestra-
diol after ovariectomy. Rats were anaesthetized with
ketamine (10 mg 100 g71, i.p.) under aseptic conditions.
Sham-operated (control) group received only laparotomy.

Ovariectomy was carried out according to the methods by
Nekooeian et al. (1998), in which the bilateral ovaries were
ligated and then removed. For oestrogen replacement
therapy, an osmotic pump producing sustained release of

17b-oestradiol at 10 mg day71 was implanted subcutaneously
at the back of ovariectomized rats. Each group of rats was
caged separately and housed under controlled environmental

conditions of temperature (248C) and humidity (40 ± 60%) on
a 12 h light/dark cycle. These animals were given the
standard chow and water ad libitum. After 4 weeks, the

animals were anaesthetized with diethyl ether, and blood
samples were collected from the inferior cava for measure-
ment of oestradiol. After centrifugation of the blood for

10 min at 3000 r.p.m., plasma was collected and frozen at
7208C for later measurement of oestradiol. Only rats staying
in the proestrus to oestrus stage at the day when the
experiments were carried out were used as control.

In a series of experiments investigating endothelium-
dependent relaxation of female rats at the diestrus stage,
vaginal smears were taken at 1000 h from female rats aged 12

weeks, which had been con®rmed previously to show regular
oestrus cycles of 4 or 5 days, and those which were at the
stage of diestrus under the microscopic examination of the

vaginal smears stained with methylene blue (Carswell et al.,
2000) were selected and used for the experiments at the same
day.

Measurement of the relaxant responses of
mesenteric arteries

Rats were killed by exsanguination under anaesthesia with
gaseous diethyl ether. The level of anaesthesia was such as to
maintain deep surgical anaesthesia but not to cause

respiratory and circulatory collapse. After collecting the
blood samples, the main branch of mesenteric arteries was
carefully excised and placed on a dish containing oxygenated

physiological salt solution (PSS) at room temperature. The
arteries were then cleaned of adherent connective tissues, cut
into rings of 3 mm length. Each ring was suspended by a pair

of stainless steel pins in a water-jacketed bath ®lled with 6 ml
of normal PSS. The composition of PSS was as follows (in
mM); NaCl 118.2, KCl 4.7, CaCl2 2.5, MgCl2 1.2, KH2PO4

1.2, NaHCO3 25.0 and glucose 10.0. The solution in the bath

was gassed with 95% O2 and 5% CO2 (pH 7.4) and its
temperature was maintained at 378C. The rings were
stretched until a resting tension of 1 g was loaded and then

allowed to equilibrate for at least 60 min before the start of
experiments. At the resting tension of 1 g the rings were
found to develop maximal active tension to stimulation with

80 mM K+. Isometric tension was monitored with isometric
transducer (Nihon Kohden, AP-621G, Tokyo, Japan) and
recorded on a pen recorder (Rikadenki, R-64, Tokyo, Japan).

The rings were repeatedly challenged with 80 mM K+ until
the contractions reached a constant level. High-K+ PSS was
made by substituting NaCl with equimolar KCl.

Relaxation to acetylcholine (ACh) (1 nM± 100 mM) of the

ring preparations was usually determined after precontraction
with 10 mM phenylephrine (Phe). There was no signi®cant
di�erence in the magnitude of contractions produced by Phe

at this concentration among the groups (see Results). The
relaxant response of the artery to ACh was determined ®rst
without any treatment, then the relaxant response to ACh

was tested in the presence of 100 mM L-NOARG and 10 mM
indomethacin in order to exclude the involvement of
endothelium-derived NO and prostanoids. Because incuba-
tion with L-NOARG markedly enhanced Phe-induced

contractions, care was taken to match the contractions in
the absence and presence of L-NOARG. Thus, in the
experiments with L-NOARG, the tissue was precontracted

with 300 nM Phe. We de®ned the relaxant responses to ACh
obtained in the presence of L-NOARG and indomethacin as
EDHF-mediated relaxations, since it was con®rmed that the

remaining endothelium-dependent relaxations to ACh, i.e, the
L-NOARG- and indomethacin-resistant relaxations, were
completely eliminated by 30 mM K+ PSS or by the

combination of apamin and charybdotoxin (ChTX) as
previously reported (Fukao et al., 1997; Doughty et al.,
1999). The relaxant responses to ACh were also tested in the
presence of 10 mM indomethacin, 100 nM ChTX and 500 nM

apamin in order to exclude the involement of prostanoids and
EDHF. We de®ned the ACh responses obtained in the
presence of indomethacin, ChTX and apamin as NO-

mediated relaxations, since the remaining relaxant responses
to ACh were abolished after treatment with 100 mM L-
NOARG. The degree of relaxations was expressed as a
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percentage of the height of contraction induced by Phe. As
the preliminary experiments revealed that endothelium-
dependent relaxations to ACh in mesenteric arteries from

control and ovariectomized rats were marginally a�ected by
indomethacin alone, we focused to examine alterations in the
NO- and EDHF-mediated responses.

Recording of the membrane potentials from smooth
muscle cells of mesenteric arteries

Rat mesenteric arterial rings were prepared as described
above. The arterial rings were opened longitudinally. Care
was taken to ensure that the endothelial layer was not

damaged during processing of the tissue preparation. Where
indicated, the endothelial layer was removed by gently
rubbing the intimal surface of the vessel with a moistened

cotton ball. The tissue was pinned down, the intimal side
upward, on the bottom of an organ chamber (capacity 3 ml),
and superfused at a constant ¯ow rate of 7 ml min71 with
PSS aerated with 95% O2 and 5% CO2. The temperature of

perfusate was kept constant at 378C. After the preparations
had been equilibrated for 60 min, glass microeletrodes ®lled
with 3 M KCl (tip resistance 40 ± 80 MO) were inserted into

the smooth muscle cells from the intimal side. Successful
impalements were signalled by sudden negative drop in
potential from the baseline (zero potential reference).

Following a ®rst drop in voltage, the microelectrode was
further advanced into the arterial wall to ensure that a
smooth muscle cell was impaled. Following a stable recording

of membrane potential for at least 3 min, ACh or pinacidil
was applied to the preparations through the superfusing ¯uid,
and the changes in the membrane potentials were measured
through a high-impedance ampli®er (Nihon Kohden, MEZ-

8201). When L-NOARG or indomethacin was used, these
agents were applied 15 min before the addition of ACh.
Electrical signals were continuously monitored on an

oscilloscope (Nihon Kohden, VC-10) and recorded on a
chart recorder (Watanabe Sokki, WR310, Tokyo, Japan).
For data analysis we used only the results of the experiments

through which a single impalement was maintained.

Measurement of blood plasma 17b-oestradiol

Blood plasma concentrations of the oestradiol levels were
measured by a standard procedure using the IMMUNOTECH
OESTRADIOL assay kit (ReÂ f. 2464; TFB, Tokyo, Japan).

Drugs

The following drugs were used: ACh chloride (Wako, Osaka,
Japan), ketamine hydrochloride (Sankyo, Tokyo, Japan),
pinacidil (Shionogi, Osaka, Japan), L-phenylephrine hydro-

chloride, L-NOARG, indomethacin, 17b-oestadiol, ChTX
and apamin (Sigma, St. Louis, MO, U.S.A.). Pinacidil and
L-NOARG were prepared in 0.2 N HCl. Other drugs were
dissolved in distilled water. PSS was used for further dilution

to the proper concentrations.

Statistical analysis

All data are expressed as means+s.e.mean. Two-way
analysis of ANOVA was used to compare the concentra-

tion-responses curves for Phe-induced contraction or ACh-
induced relaxation between the groups, followed by the
Sche�eÂ 's multiple comparison test. Other variables were

compared by the use of paired and unpaired Student's t-test.
The analyses were carried out using the software Stat View
(Abacus Concepts, Berkeley, CA, U.S.A.). Values of
P50.05 were accepted as indicating a signi®cant di�erence.

The half maximal concentration (EC50) of Phe or ACh was
determined from log-probit plots of the individual response
vs concentrations, and data are shown as the average of the

individual value.

Results

Plasma oestradiol levels

The plasma oestrogen levels estimated in female rats used for
this study are shown with their uterine weights in Table 1.
Because of the rapid shift of proestrus to oestrus stage, it was

di�cult to select only female rats staying at the proestrus
stage based on the vaginal smear ®ndings. Thus, rats included
in the control group were either at the proestrus or at the

oestrus stage. Re¯ecting this fact, the plasma levels of
oestradiol were scattered from 40 ± 200 pg ml71. The plasma
oestrogen levels at 4 weeks after ovariectomy were markedly

reduced. However, eight of 18 ovariectomized rats showed
the oestradiol levels of 10 ± 50 pg ml71, which were compar-
able to those of diestrus rats. This may result from

compensatory secretion from adrenal cortex in ovariecto-
mized animals. The other 10 rats revealed the level of
oestradiol less than the detectable range. Supplementation
with 17b-oestradiol to ovariectomized female rats maintained

the high level of plasma oestradiol and prevented shrinkage
of the uterus. The wet uterine weight was correlated with the
plasma estradiol levels.

Phe-induced contraction of mesenteric arteries

Figure 1a depicts the concentration-response curves for Phe-
induced contractions of mesenteric arteries from sham-
operated (control) and ovariectomized rats. Arteries from
ovariectomized animals exhibited higher sensitivity to Phe

than those from controls, while there was no di�erence in the
maximum response between the two groups of tissues. The
EC50 value was 0.3+0.1 mM (n=6) for the ovarictomized

group, which was signi®cantly (P50.05) smaller than the
corresponding value of 1.5+0.4 mM (n=7) obtained in the
control group. This resulted in signi®cantly greater contrac-

tion in reponse to 1 mM Phe in the ovariectomized group than
in the control group (Figure 1b). Treatment of ovariecto-
mized rats with 17b-oestradiol reversed the response to 1 mM
Phe to the control level. The contractile response to 1 mM Phe
of arteries from diestrus rats was also greater than that of
controls. There was no signi®cant di�erence in contraction
produced by 10 mM Phe among the experimental groups.

Incubation with 100 mM L-NOARG caused a signi®cant
increase in Phe-induced contractions in all groups (Figure
1b). This was especially evident in the contractile response to

1 mM Phe of arteries from control rats and rats that were
treated with 17b-oestradiol after ovariectomy. As a result, the
addition of L-NOARG abolished the di�erence in contraction
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induced by 1 mM Phe among the experimental groups.
Mechanical removal of the endothelium resulted in the same
e�ect on Phe-induced contractions as incubation with L-

NOARG (data not shown). These ®ndings indicate that NO
released from the endothelium at the basal state actively

modulates Phe-induced contractions, especially in the pre-
sence of endogenous oestrogen.

Decreased endothelium-dependent relaxation to ACh in
mesenteric arteries from ovariectomized and diestrus rats

ACh produced endothelium-dependent relaxation in rat

mesenteric arteries precontracted with 10 mM Phe in a
concentration dependent manner. As shown in Figure 2a,
ACh-induced relaxation was found to decrease in ovariecto-

mized rats. The maximun relaxant response to ACh was not
complete and signi®cantly less than in the control group
(88.0+1.3%, n=12 vs 99.8+0.2%, n=15, P50.01). In

addition, the EC50 value for ACh (589+161 nM, n=12)
was signi®cantly (P50.001) greater than that in the control
group (47+8 nM, n=15). Replacement therapy with 17b-
oestradiol to ovariectomized rats caused a return of the
maximum ACh response (99.0+0.4%, n=12). However,
restoration of the rightward shift of the concentration-
response curve for ACh was not complete (Figure 2b). Thus,

the EC50 value for ACh was signi®cantly changed to
116+25 nM (n=12), but was still greater than the control
value.

Table 1 Plasma concentrations of 17b-oestradiol and
uterine weight in female rats

17b-Oestradiol Uterine wet weight
Group (pg ml71) (mg)

Control (proestrous 126.1+15.1* (18){ 515.8+24.3* (14){
or oestrous)

Dietrus 37.5+1.9{ (18) 275.3+12.3{ (8)
Ovariectomy 11.6+3.5{ (18) 90.0+6.2{ (13)
Ovariectomy with 227.8+12.7} (18) 642.7+42.7 (9)
17b-Oestradiol
treatment

*Means+s.e.mean. {Number of animals used for the
measurements. {Signi®cant di�erence when compared with
the corresponding control value (P50.001). }Signi®cant
di�erence when compared with the value in ovariectomized
rats (P50.01).

Figure 1 In¯uences of ovariectomy and oestrus cycle on Phe-induced contraction in rat mesenteric arteries. (a) Concentration-
response curves for Phe-induced contraction in mesenteric arteries from sham-operated and ovariectomized rats. Phe was added to
the bath cumulatively. (b) E�ects of treatment with 100 mM L-NOARG on contractions induced by 1 and 10 mM Phe in mesenteric
arteries from sham-operated, ovariectomized, ovariectomized and 17b-oestradiol-treated, and diestrus rats. The results are shown as
means+s.e.mean of 6 ± 10 experiments. *P50.05 and **P50.01 vs the corresponding value obtained in the control (sham-operated)
group.
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ACh-induced relaxation in the diestrus group was also
suppressed, as indicated by the rightward shift of the
concentration-response curve for ACh (Figure 2c). The value

of EC50 (288+45 nM, n=12) was signi®cantly greater than
the control value, although the maximum response
(94.7+1.6%, n=12) was not signi®cantly di�erent from that
in the control group.

Contribution of prostacyclin and NO to
endothelium-dependent relaxation to ACh

In response to ACh, the endothelium produces three di�erent
kinds of relaxing factors: NO, prostacyclin and EDHF. The

concentration-response curve for ACh-induced relaxation was
una�ected by 10 mM indomethacin in either of the control or
the ovariectomized group (data not shown), suggesting a

minimal contribution of prostacyclin to the altered endothe-
lium-dependent relaxant response to ACh of arteries from
ovariectomized rats.

In order to examine the relative contribution of NO to the
ACh relaxant responses, a manoeuvre to eliminate pharma-
cologically the involvement of EDHF and prostacyclin was

applied to mesenteric arteries from each group. The
concentration-response curves for ACh in the presence of
10 mM indomethacin, 500 nM apamin and 100 nM ChTX are
shown in Figure 3b. The maximum relaxant response to ACh

was not signi®cantly reduced in the ovariectomized group.
Although the EC50 value for ACh was greater in the
ovariectomized group (368+99 nM, n=11) than that in the

control group (128+32 nM, n=7), the di�erence did not
reach a statistically signi®cant level (P40.05). The remaining
relaxant response to ACh obtained in the presence of

indomethacin, apamin and ChTX was completely suppressed
by 100 mM L-NOARG (Figure 3a). Treatment with 17b-
oestradiol of ovariectomized rats showed an EC50 value of

203+38 nM (n=7).
The same result was obtained in arteries from diestrus rats

(Figure 3c). In the presence of indomethacin, apamin and

Figure 2 In¯uences of ovariectomy and oestrus cycle on endothelium-dependent relaxation induced by ACh in rat mesenteric
arteries. (a) Typical traces illustrating the relaxant responses to ACh during 10 mM Phe-induced contraction in mesenteric arteries
from sham-operated and ovariectomized rats. (b) Concentration-response curves for ACh-induced relaxation in mesenteric arteries
from rats that were sham-operated, ovariectomized, and ovariectomized and 17b-oestradiol-treated. (c) Concentration-response
curves for ACh-induced relaxation in mesenteric arteries from oestrus and diestrus rats. ACh was added to the bath cumulatively.
The points are means of 6 ± 8 experiments; vertical lines show s.e.mean. Responses are expressed as per cent relaxation of Phe-
induced contraction.
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ChTX, the maximum response to ACh (95.1+1.6%, n=6)
and the EC50 value (313+72 nM, n=6) were not statistically
signi®cantly di�erent from the corresponding control values.

Contribution of EDHF to endothelium-dependent
relaxation to ACh

ACh-induced relaxation in arteries precontracted by Phe in
the presence of 100 mM L-NOARG and 10 mM indomethacin
can be assumed to be caused by EDHF, based upon the

®nding that further treatment with the combination of 500 nM

apamin and 100 nM ChTX abolished completely the ACh
response (Figure 4a). As shown in Figure 4b, ACh-induced
relaxation resistant to L-NOARG and indomethacin was

depressed in arteries from ovariectomized rats compared with
that in controls. The maximum relaxant response to ACh in
the ovariectomized group (75.0+2.3%, n=13, P50.001) was
signi®cantly less than that in the control group (98.3+0.8%,

n=9), and the EC50 value for ACh was much greater in the
ovariectomized group (1.2+0.2 mM, n=13, P50.01) than the
control value (0.2+0.1 mM, n=9). Treatment with 17b-
oestradiol of ovariectomized rats prevented the down-

Figure 3 In¯uences of ovariectomy and oestrus cycle on endothelial NO-mediated relaxation induced by ACh in rat mesenteric
arteries. (a) Typical traces illustrating the relaxant responses to ACh during 10 mM Phe-induced contraction in control (sham-
operated) rat mesenteric arteries in the presence of 10 mM indomethacin, 500 nM apamin and 100 nM ChTX. Right panel shows that
the remaining relaxation to ACh was abolished by further treatment with 100 mM L-NOARG. Indomethacin, apamin, ChTX and L-
NOARG were added to the bath 15 ± 20 min before application of Phe. (b) Concentration-response curves for ACh-induced
relaxation in mesenteric arteries from rats that were sham-operated, ovariectomized, and ovariectomized and 17b-oestradiol-treated.
(c) Concentration-response curves for ACh-induced relaxation in mesenteric arteries from oestrus and diestrus rats. All curves were
constructed in the presence of indomethacin, apamin and ChTX. The points are means of 6 ± 11 experiments; the vertical lines show
s.e.mean. Responses are expressed as per cent relaxation of Phe-induced contraction. Statistically signi®cant di�erences were not
found between the concentration-response curves of the experimental groups.
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regulation of the L-NOARG-resistant relaxant response to
ACh (EC50: 0.4+0.1 mM, n=6) (Figure 4b).
Arteries obtained from diestrus rats showed a signi®cantly

decreased relaxant response to ACh when compared with
those from oestrus rats. The maximum response to ACh in
the diestrus group (87.5+3.3%, n=8, P50.05) was less than
in the control group and the EC50 value for ACh

(1.1+0.2 mM, n=8, P50.01) was signi®cantly greater than
the control value.

ACh-induced hyperpolarization of vascular
smooth muscle cells

As shown in Figure 5, ACh produced endothelium-dependent
hyperpolarization of smooth muscle cells of mesenteric
arteries. The hyperpolarizing response to ACh was not

a�ected by treatment with either 100 mM L-NOARG alone
or in combination with 10 mM indomethacin. However,
combined treatment with 500 nM apamin and 100 nM ChTX

signi®cantly suppressed the hyperpolarizing response to 1 mM
ACh from 14.7+0.3 mV to 2.3+0.6 mV (n=3).
The average resting membrane potentials of smooth muscle

cells of mesenteric arteries obtained from four groups of rats

were not signi®cantly di�erent from each other (control:
752.5+0.6 mV, n=13; ovariectomized: 750.6+0.9 mV,
n=13; ovariectomized and 17b-oestradiol-treated:
753.6+0.7 mV, n=13; diestrus: 750.5+0.9 mV, n=11).
However, the amplitudes of hyperpolarization by 1 mM ACh
were signi®cantly diminished in the ovariectomized group

(3.4+0.8 mV, n=13) and the diestrus group (7.2+0.4 mV,
n=11) compared to that in the control group (15.3+0.5 mV,
n=13), while oestrogen therapy restored the reduced

Figure 4 In¯uences of ovariectomy and oestrus cycle on EDHF-mediated relaxation induced by ACh in rat mesenteric arteries. (a)
Typical traces illustrating the relaxant responses to ACh during 300 nM Phe-induced contraction in control (sham-operated) rat
mesenteric arteries in the presence of 10 mM indomethacin and 100 mM L-NOARG. Right panel shows that the remaining relaxation
to ACh was abolished by further treatment with 500 nM apamin and 100 nM ChTX. Indomethacin, L-NOARG, apamin and ChTX
were added to the bath 15 ± 20 min before application of Phe. (b) Concentration-response curves for ACh-induced relaxation in
mesenteric arteries from rats that were sham-operated, ovariectomized, and ovariectomized and 17b-oesradiol-treated. (c)
Concentration-response curves for ACh-induced relaxation in mesenteric arteries from oestrus and diestrus rats. All curves were
constructed in the presence of indomethacin and L-NOARG. The points are means of 6 ± 12 experiments; vertical lines show
s.e.mean. Responses are expressed as per cent relaxation of Phe-induced contraction.
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hyperpolarizing response after ovariectomy (12.8+0.8 mV,
n=13). Such original registrations are illustrated in Figure
6a ± d. In control arteries, ACh produced concentration-

dependent hyperpolarizations with an EC50 of 167+21 nM
(n=8) (Figure 6e). Ovariectomy caused markedly a down-
ward shift of the concentration-response curve for ACh-
induced hyperpolarization, which was signi®cantly prevented

by treatment with 17b-oestradiol. As shown in Figure 6f, the
concentration-response curve was also depressed in the
diestrus state. The reduction in the maximal response was

not so marked, but the EC50 value (552+107 nM, n=7) was
signi®cantly (P50.01) greater than the control value.
Pinacidil, an ATP-sensitive K+ channel opener, elicited

endothelium-independent hyperpolarization of vascular
smooth muscle cells. The hyperpolarizing responses to
pinacidil (10 mM) were not signi®cantly di�erent among the

experimental groups (Figure 7). Thus, the peak amplitudes of
hyperpolarization induced by pinacidil in the control,
ovariectomized, ovariectomized and 17b-oestradiol-treated,
and diestrus groups were 25.5+0.9, 26.8+0.9, 24.8+1.3, and

25.3+0.9 mV (n=4±8), respectively.

Discussion

The major ®ndings of this study are that: (1) the

endothelium-dependent relaxant response of female rat

mesenteric artery to ACh was markedly depressed in the
oestrogen-de®cient states of either a long-term (ovariectomy)
or a short-term (diestrus cycle); (2) the depressed endothe-

lium-dependent relaxant response to ACh was mainly
attributable to a diminished EDHF response; (3) the
contractile response of mesenteric artery to Phe was
signi®cantly enhanced in oestrogen-de®cient rats, but this

enhancement was masked in the presence of L-NOARG; and
(4) the changes in endothelium-dependent relaxations and
contractions detected at the long-term oestrogen-de®cient

state were almost completely suppressed by oestrogen
replacement therapy during the oestrogen-de®cient period.

Matured female rats exhibit cyclical alternation in the

plasma oestrogen level in 4 or 5 day cycles, which is
sensitively re¯ected by the stage-dependent change in the
uterine weights (Nequin et al., 1979). Thus, rats at the

diestrus stage provide a good experimental model of short-
term oestrogen de®ciency. We found that ACh-induced
endothelium-dependent relaxation was suppressed in mesen-
teric arteries from diestrus rats as detected in arteries after

ovariectomy, although its extent was less severe in the former.
The increased contractile response to Phe in diestrus rats was
comparable to that in ovariectomized rats, and the enhance-

ment of the Phe contraction amplitude by L-NOARG
treatment was the same between arteries from ovariectomized
and diestrus rats. These facts indicate that both vascular

relaxation elicited by agonist-stimulated release of endothe-

Figure 5 E�ects of indomethacin, L-NOARG and apamin plus ChTX on membrane hyperpolarization induced by ACh in control
(sham-operated) rat mesenteric arteries. Actual recordings of the hyperpolarizing responses to 1 mM ACh before (left panels) and
after (right panels) treatment with 10 mM indomethacin (a), 100 mM L-NOARG (b) or 500 nM apamin plus 100 nM ChTX (c) are
shown.
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lium-derived relaxing factors and the basal release of NO

from the endothelium depend on the cyclical alteration in the
plasma oestrogen level, and provide evidence that alteration
in progesterone in association with oestrogen de®ciency,

which was unavoidable in ovariectomy, does not a�ect the
endothelium function in a direct way. It could be speculated
that irreversible morphological derangements in endothelial

cells might occur after long-term oestrogen de®ciency, and be
the underlying mechanism of the altered endothelium
functions after ovariectomy. However, the reversible cyclical
alterations in the endothelium functions, depending on the

plasma level of oestrogen, shown in our study suggests that
the endothelium-dependent vascular changes observed in

ovariectomized rats are simpli®ed to be functional, and are

not caused by constitutional derangements.
Endothelium-dependent relaxation of blood vessels is

dependent on the relaxing factors which endothelial cells

produce in response to shear stress on the cells, wall
stress, blood bearing vasoactive substances, autacoids or
cytokines. Among di�erent relaxing factors reported so far

(Vanhoutte et al., 1986), EDHF is distinct from other two
factors, NO and prostacyclin, since EDHF is not still
de®ned as a substance. Recent studies raise a question on
the presence of EDHF as a releasable chemical entity

from endothelial cells (Edwards et al., 1998, 1999;
Doughty et al., 1999).

Figure 6 In¯uences of ovariectomy and oestrus cycle on endothelium-dependent hyperpolarization induced by ACh in rat
mesenteric arteries. Actual recordings of the hyperpolarizing responses to 1 mM ACh in mesenteric arteries from sham-operated (a),
ovariectomized (b), ovariectomized and 17b-oestradiol-treated (c), and diestrus (d) rats are shown. (e) Concentration-response
curves for ACh-induced hyperpolarization in mesenteric arteries from rats that were sham-operated, ovariectomized, and
ovariectomized and 17b-oestradiol-treated. (f) Concentration-response curves for ACh-induced hyperpolarization in mesenteric
arteries from oestrus and diestrus rats. The points are means of 11 ± 14 experiments; vertical lines show s.e.mean.
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Pharmacological analysis using indomethacin, which in-
hibits the production of prostanoids, revealed that vasorelax-

ing prostanoids such as prostacyclin play a negligible role in
the agonist-induced endothelium-dependent relaxation in rat
female mesenteric arteries irrespective of the oestrogen status.

However, the oestrogen status was found to de®nitely
a�ect the vascular responses to vasoactive agents through its
in¯uence on endothelium-derived NO. Mesenteric arteries

from control female rats exhibited the less contractile
response to Phe and the more marked potentiation of the
Phe response in the presence of L-NOARG when compared

to arteries from ovariectomized or diestrus rats. This suggests
that the basal release of NO from the endothelium, which
hampers the contractile action of Phe, is dependent on the
oestrogen level. Several observations have suggested that NO

synthase may be regulated by sex hormone. Treatment with
oestradiol (not progesterone) increased calcium-dependent
NO synthase actively in uterine artery and other tissues in

female and male guinea-pigs (Weiner et al., 1994). Hayashi et
al. (1992) have reported that aortae of female rabbits have a
higher basal release of NO than male rabbit aortae, and

ovariectomy eliminates the di�erence. The present ®ndings
are not inconsistent with these studies.
Suppression of agonist-induced endothelium-dependent

relaxations in arteries from ovariectomized and diestrus rats,

which was clearly shown by the rightward shift of the
concentration-response curves for ACh-induced relaxation

and the reduced maximum response, seemingly appeared to
be in line with the reduced basal NO release at the oestrogen-
de®ciency state. However, further examination to determine a

relative contribution to NO and EDHF to the suppression of
endothelium-dependent relaxation induced by ACh, revealed
that the L-NOARG-sensitive fraction, i.e, endothelium-

dependent relaxation mediated by NO, was not being
signi®cantly depressed in arteries obtained from rats with
either long-term or short-term de®ciency of oestrogen. This

suggests that the state of oestrogen de®ciency preserves
relatively well the agonist-induced release of NO from the
endothelium in contrast to the diminished basal release of
NO. Therefore it is likely that suppression of the relaxant

response to ACh obtained in oestrogen-de®ciency is mainly
attributed to a reduced response to EDHF. In fact, the
relaxant response to ACh in the presence of L-NOARG and

indomethacin, which could exclude involement of NO and
prostanoids from the endothelium in the ACh response, was
signi®cantly impaired in arteries from oestrogen-de®cient

rats. This response to ACh was con®rmed to be derived from
EDHF by the ®nding that treatment with combination of
apamin and ChTX, which can selectively block the EDHF

response (Doughty et al., 1999), inhibited almost completely

Figure 7 In¯uences of ovariectomy and oestrus cycle on endothelium-independent hyperpolarization induced by pinacidil in rat
mesenteric arteries. Actual recordings of the hyperpolarizing responses to 10 mM pinacidil in mesenteric arteries from sham-operated
(a), ovariectomized (b), ovariectomized and 17b-oestradiol-treated (c), and diestrus (d) rats are shown.
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the remaining response to ACh in the presence of L-NOARG
and indomethacin. In support of these ®ndings, measurement
of the membrane potentials of smooth muscle cells of

mesenteric arteries showed that the oestrogen-de®ciency
states signi®cantly diminished hyperpolarization induced by
ACh in the initial rapid phase and the following sustained
phase of hyperpolazation to the same extent.

The hyperpolarizing response to ACh of vascular smooth
muscle cells is known to be dependent on the intracellular
Ca2+ concentration in endothelial cells. Thus, the initial

hyperpolarization is related to Ca2+ released from intracel-
lular stores, and the sustained hyperpolarization is due to
Ca2+ in¯ux through Ca2+-permeable cation channels via an

unde®ned mechanism (Chen & Suzuki, 1990; Fukao et al.,
1995). The decreased hyperpolarizing response of both the
initial and sustained phases suggests the altered signal

transduction of the muscarinic receptor mechanism on the
Ca2+ release from intracellular stores, resulting in the
incomplete ®llness of intracellular Ca2+ stores, or the
impaired function or reduced expression of the channels.

The ®ndings that EDHF is a dominant contributor in
endothelial-dependent vasorelaxation induced by ACh in
females rats is in accordance with the study reported by

McCulloch & Randall (1998), in which they examined sex
di�erence in the relative contribution of NO and EDHF to
agonist-induced endothelium-dependent relaxation in mesen-

teric arterial bed from female and male rats and found a
dominant role of EDHF in female animals. However,
whether the dominance of EDHF in endothelium-dependent

relaxation in female is generalized to human awaits further
study.
The present study indicates clearly that the endothelium-

dependent relaxant responses to vasoactive agonists can be

regulated by the oestrogen states by dominantly a�ecting the
EDHF response. The fact that even a short-term de®ciency
of oestrogen for a few days, such as in the diestrus stage,

results in suppression of endothelium-dependent relaxation,
suggests that reversible and functional alterations in cellular
constituents, including receptors, ion channels, or essential

molecules of signal transduction, may be involved in the
mechanism(s) of the impairment of endothelium-dependent
relaxation.
These results also support the notion that the altered lipid

metabolism, such as an increase in low-density lipoprotein
and decrease in high-density lipoprotein, often observed in
long-term de®ciency of oestrogen (Bush et al., 1987; Sack et

al., 1994) seems unlikely to play a major role in impaired
endothelium-dependent vasorelaxation in oestrogen de®-

ciency, but quite possibly is involved as an exacerbating
factor, being in keeping with the work of Nascimento et al.
(1999). Several studies have demonstrated a direct vasodilat-

ing e�ect of 17b-oestradiol through its blocking action on
Ca2+ channels (Adams et al., 1989, Nakajima et al., 1995).
These e�ects seem likely to be non-genomic, even though
oestradiol is reported to exert some action by interacting with

cell surface receptors (Sudhir et al., 1995). The concentrations
of oestrogen used in these studies are supraphysiological, and
we found that direct application of 17b-oestradiol did not

improve the diminished hyperpolarizing response to ACh in
mesenteric arteries from ovariectomized rats (unpublished
observations). Thus, the alterations in endothelium-depen-

dent relaxation observed in ovariectomized and diestrus rats
shown in this study, may result from the insu�ciency of
endogenous oestrogen to act as a hormone regulating internal

homeostasis.
The chemical identity of EDHF is still not clear at the

moment. However, several candidates have been proposed so
far to include the epoxyeicosatrienoic acids, a metabolite of

cytochrome P-450 monooxygenase, and endocannabinoids,
although there are several reports providing evidence against
those studies (FeÂ leÂ tou & Vanhoutte, 1999). Recently, K+ has

been proposed to be an EDHF (Edwards et al., 1998), but
remains to be con®rmed (Lacy et al., 2000). Furthermore,
some reports suggest that EDHF is not a di�usible factor but

an endothelium-derived hyperpolarizing current transmitted
to smooth muscle through gap junctions between endothelial
cells and vascular smooth muscle cells (Kuhberger et al.,

1994; Edwards et al., 1999). Studies reporting that the
expression of K+ channels in uterine smooth muscle varies
during the oestrus cycle and can be stimulated by oestrogen
treatment (Boyle et al., 1987; Pragnell et al., 1990) suggest the

possibility that K+ channels in the endothelium and/or gap
junctions between endothelial cells and vascular smooth
muscle cells might be ¯exibly altered in their expression

responding to the oestrogen level.
In conclusion, oestrogen de®ciency, either in the short-term

during oestrus cycle, or long-term by ovariectomy, altered the

endothelium-dependent responses of mesenteric arteries in
female rats. The basal release of NO was impaired and the
endothelium-dependent relaxant response to ACh was
suppressed. Among the endothelium-derived relaxing factors,

prostanoids was found to play a minimal role in the altered
vascular response to ACh. The EDHF-mediated component
of endothelium-dependent relaxation was speci®cally im-

paired in the oestrogen-de®cient state, while the NO-mediated
component was well reserved.
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