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1 The in¯uence of the oestrous cycle and gender on responses of isolated pressurized mesenteric
arteries to acute 17 b-oestradiol was investigated.

2 All vessels, pre-contracted with 60 mM KCl or 10 mM U46619 (9,11 dideoxy-11a, 9a-epoxy
methano-prostaglandin), exhibited concentration-dependent vasodilatory responses to 17 b-
oestradiol (3 ± 30 mM). The largest responses were seen in vessels from female rats in pro-oestrous
(38.9+5.4% U46619 max and 63.1+4.0% KCl max for 30 mM oestradiol), the smallest from
animals in di-oestrous (20.1+3.7% U46619 and 50.1+4.5% KCL±both P50.05 cf pro-oestrous
(all n=8)). Responses of vessels from male rats were similar to those from pro-oestrous rats
(41.5+9.1% U46619 (n=10) and 54.9+2.9% KCl (n =8)).

3 All responsees were una�ected by inhibition of nitric oxide synthase (NOS).

4 Female rats in pro-oestrous had the highest plasma concentrations of 17 b-oestradiol and
testosterone (40.76+4.73 pg ml71 and 0.29+0.05 ng ml71 respectively (n=8)) while those in di-
oestrous had the lowest (15.24+3.94 pg ml71 for oestradiol and 0.08+0.03 ng ml71 for testosterone
(n=8)). In male rats the concentration of oestrogen was 10.29+1.21 pg ml71 (n=7) while that of
testosterone was 3.15+0.36 ng ml71 (n=7).

5 Incubation of arteries isolated from male rats and from female rats in pro-oestrous and di-oestrous
with testosterone (1 mM, 3 h) signi®cantly enhanced the subsequent vasodilatory responses to acute 17
b-oestradiol. Following incubation, the responses to 17 b-oestradiol were similar in all groups.

6 These observations suggest that gender and the oestrous cycle may in¯uence the vascular
responses to acute 17 b-oestradiol administration.
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Introduction

It is well established that pre-menopausal women, and post-
menopausal women receiving oestrogen replacement therapy,

have a reduced incidence of cardiovascular disorders
compared to men of similar ages (Bush et al., 1987; Stampfer
et al., 1991). These observations suggest that oestrogens have

a cardiovascular protective e�ect. The mechanisms respon-
sible for these e�ects are multiple and whilst oestrogenic
modulation of the lipid pro®le is certainly an important

factor (Knop, 1988) it can account for only 25 ± 50% of the
observed reduction in risk suggesting that additional
mechanisms may be involved (Bush et al., 1987). It has been

proposed that one such factor may be a direct vasodilatory
e�ect of oestrogens on the vasculature.
Oestrogens have two major e�ects on the vasculature

which appear to be dependent on the exposure time to the

hormone (Austin., 2000). Chronic oestrogen, for example due
to hormone replacement therapy or long-term experimental

exposure, has been shown to increase endothelium-dependent
vasodilatory responses to both acetylcholine (ACh) (Gilligan

et al., 1994; Vedernikov et al., 1997) and to ¯ow (Lieberman
et al., 1994; Cockell & Poston, 1997). These e�ects have been
shown to be dependent on nitric oxide (NO) and appear to

result from a genomic increase in the synthesis of NO
synthase (Weiner et al., 1994). E�ects on NO, due to chronic
oestrogen exposure, also appear to be responsible for

di�erences in myogenic tone observed in small arteries from
male and female rats and in arteries from females treated
with oestradiol (Wellman et al., 1996; Geary et al., 1998). In

contrast, however, we and others have demonstrated that
acute administration of 17 b-oestradiol directly relaxes
vascular smooth muscle via non-genomic mechanisms which
are independent of NO or other endothelial factors (Shaw et

al., 2000). Thus, while chronic e�ects of oestrogens appear to
be endothelium-dependent and genomic in nature, the acute
e�ects of oestrogens on contractility seem to be endothelium-

independent involving non-genomic mechanisms. The me-
chanisms involved in these acute e�ects are, however, poorly
understood.
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Gender di�erences in the acute e�ects of oestrogens have
been observed. In human coronary arteries, for example, a
signi®cantly greater relaxation to 17 b-oestradiol occurred

in vessels from female patients (Chester et al., 1995), a
di�erence which persisted after endothelium removal. In
isolated tail arteries (McNeill et al., 1996) and aorta (Le
Tran et al., 1997) from female rats, however, gender

di�erences in the acute vasodilatory e�ects of 17 b-
oestradiol were abolished by endothelial removal. This
suggests that, although acute oestradiol may relax arteries

via endothelium-independent mechanisms, the vessel sensi-
tivity to such applications may be in¯uenced by gender-
speci®c alterations in endothelial function. In contrast,

however, others demonstrated that the vasodilatory re-
sponses to acute 17 b-oestradiol were greater in endothe-
lium-denuded aorta from male rats compared to those from

females (Crews & Khalil, 1999a). Thus, while there may be
`cross talk' between the acute and chronic e�ects of
oestrogens, such that the chronic hormonal status of the
subject may in¯uence subsequent responses to 17 b-
oestradiol, these e�ects appear contrasting and are poorly
understood. One of the potential ¯aws in many of these
studies is that possible e�ects of hormonal variations within

the menstrual or oestrus cycle on responses have been
ignored. Gender di�erences have generally been attributed
to di�erences in circulating oestrogen levels, however, levels

of other sex hormones, which themselves have been shown
to alter vascular contractility (Crews & Khalil, 1999b), may
also be important.

In this study we have, therefore, investigated the
responsiveness of mesenteric resistance arteries isolated from
female rats in di�erent stages of oestrous, and from male
rats, to acute application of 17 b-oestradiol. All responses

were related to plasma concentrations of 17 b-oestradiol,
testosterone and progesterone. The role of the endothelium in
responses was also studied.

Methods

Animals

Male and female Wistar Kyoto rats (200 ± 250 g) were used in

all experiments. Female rats exhibited normal oestrous cycles,
the oestrous stage being determined by histological examina-
tion of a vaginal smear (Hafez, 1970).

Blood pressure measurement

Rats were placed in animal restrainers (International
Market Supply, Congleton, Cheshire, U.K.) and their tails
were warmed with hot water to dilate the tail artery. A

tail cu� was placed at the base of the tail, this was
sequentially in¯ated and de¯ated using LE 5001 pressure
meter (IMS) and blood pressure and heart rate deter-
mined. This was repeated each day until the animals

became accustomed to the procedure; reproducible readings
of blood pressure could then be determined. In female rats
the oestrous stage was determined each day and recordings

made at each of the three di�erent stages. For each rat a
minimum of ®ve readings were taken at each stage of
oestrous.

Steroid hormone plasma concentration measurement

Following blood pressure recording, a 0.5 ml sample of blood

was taken from the tail artery of each rat. This procedure
was repeated in female rats in each stage of oestrous. The
plasma concentration of 17 b-oestradiol, testosterone and
progesterone was determined using radioimmunoassay kits;

estradiol-2, diria-testok and diria-progK respectively (Diasor-
in s.r.l., Wokingham, Berkshire, U.K.).

Vessel isolation and cannulation

Both male rats and female rats at each stage of oestrous

were used for isolated tissue studies. Rats were killed by
stunning and exsanguination. This was carried out immedi-
ately after determination of oestrous state. The mesentery

was removed and placed in ice-cold physiological salt
solution (PSS) of the following composition (mM): NaCl
119, KCl 4.7, MgSO4.7H2O 1.2, NaHCO3 25, KHPO4 1.17,
K2EDTA 0.03, glucose 5.5, CaCl2.2H2O 1.6, pH 7.4. A 4th

order mesenteric artery was dissected out and placed in the
chamber of a pressure myograph (Living Systems Instru-
mentation, Burlington, VT, U.S.A.) containing ice-cold PSS.

Each vessel was cannluated onto two glass micropipettes as
previously described (Izzard et al., 1996), pressurized to
50 mmHg using a pressure servo-control unit (Living

Systems), and checked to ensure the absence of leaks. The
PSS was warmed to 378C, bubbled with 95% air/5% CO2

and the vessel allowed to equilibrate for 30 min. Lumen

diameters were continuously measured using a video
dimension analyser (Living Systems).

Experimental protocol

Following equilibration, each vessel was subjected to a
`run-up' procedure consisting of three 2 min exposures to

60 mM KCl. Vessels were then contracted by addition of
60 mM KCl (KCl being isosmotically substituted for
NaCl) or 10 mM U46619 (9,11 dideoxy-11a, 9a-epoxy
methano-prostaglandin), all drugs being added to the
superfusate. Each vessel was then subjected to increasing
concentrations of 17 b-oestradiol from 0.01 ± 30 mM and
the response at each concentration allowed to reach a

steady state. Vessels were then washed with PSS and tone
allowed to return to baseline. Solubility limitations of 17
b-oestradiol prevented the e�ect of higher concentrations

being investigated.

Investigation of the role of nitric oxide in responses to 17
b-oestradiol

The integrity of the endothelium was tested in each vessel by

observing the relaxation response to 10 mM carbachol
following pre-contraction with 60 mM KCl or 10 mM
U46619. Vessels which showed a relaxation of 530% were
considered to possess a damaged endothelium and were

discarded from the study.
To investigate the involvement of NO in the vasodilatory

responses to 17 b-oestradiol, concentration-response curves

were constructed in the presence of 10 mM NW-nitro-L-
arginine (L-NNA) an inhibitor of NO synthase. We have
previously shown that this concentration almost completely
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inhibits the vasodilatory response to carbachol in depolarized
rat mesenteric arteries (Shaw et al., 2000). Vessels were
incubated with the inhibitor for 30 ± 40 min prior to

experimentation and responses compared to those obtained
in the same vessels in the absence of the inhibitor. Previous
studies revealed no signi®cant di�erences between ®rst and
second curves to 17 b-oestradiol following 30 ± 40 min

incubation time (Shaw et al., 2000).
All experimental protocols were completed within 6 h of

determination of oestrous state and killing of animal. Over

this time period concentration-response curves to ACh were
similar at the start and end of the experimental protocol
(responses to 10 mM ACh being 31.2+3.5 and 32.9+6.8%

KCl respectively (n=3)) even after the construction of
concentration curves to 17 b-oestradiol. This makes it
unlikely, in our opinion, that any residual oestradiol did

not precipitate changes that were genomic.

Effect of in vitro incubation with testosterone on
responses to 17 b-oestradiol

In a separate set of experiments, concentration-response
curves to 17 b-oestradiol were constructed on mesenteric

arteries from male rats, and female rats in pro-oestrous
and di-oestrous, pre-contracted with 10 mM U46619.
Following washing, arteries were incubated with 1 mM
testosterone for 3 h after which concentration-response
curves to 17 b-oestradiol were repeated. Control experi-
ments, whereby tissues were incubated with vehicle alone

for 3 h, were also performed. A concentration of 1 mM
was chosen as we have previously shown that this
concentration itself had little e�ect on arterial tone with
noticeable relaxations only being observed at concentra-

tions 410 mM (Sekrahan et al., 1999). Experiments on
pressurized mesenteric arteries con®rmed this, responses to
testosterone being 0, 2.8+1.7, 6.1+2.4, 16.5+6.5,

85.4+2.1 and 97.5+1.36% KCl for 1, 3, 10, 30, 100
and 300 mM testosterone respectively.

Drugs and chemicals

All drugs and chemicals were obtained from Sigma. A stock
solution of 17 b-oestradiol was made by dissolving ®rst in

100% ethanol and diluting in PSS (1 in 2000) to give a
concentration of 100 mM. A stock solution of testosterone
was made by dissolving ®rst in 100% ethanol and diluting in

PSS (1 in 100) to give a concentration of 100 mM. A 10 mM

stock solution of U46619 was made by dissolving in a
mixture of 100% ethanol and 1 mg kg71 sodium carbonate

(1 : 2). Carbachol, ACh and L-NNA were dissolved in PSS.

Analysis of data

All results are expressed as mean+standard error of the
mean (s.e.mean) with n representing number of animals.
Results are normalized, where appropriate, as a percentage of

the change in diameter observed to 60 mM KCl or 10 mM
U46619. Di�erences between groups were compared by
analysis of variance and Student's t-test (paired or unpaired)

or the Student ±Neuman-Keuls test for multiple comparisons.
Results were considered to be signi®cantly di�erent from one
another if P50.05.

Results

Plasma hormone concentrations

The plasma concentrations of 17 b-oestradiol in female rats
in all three stages of oestrous examined and in male rats are
shown in Figure 1. Female rats had a signi®cantly higher

plasma concentration of 17 b-oestradiol when they were in
pro-oestrous (n=8) than when they were in oestrous
(P50.05) or di-oestrous (P50.01). These were also sig-

ni®cantly higher than concentrations observed in male rats
(P50.001) (n=7). Female rats had the lowest levels of
circulating oestrogen, a level similar to that observed in male

rats, when they were in di-oestrous. Circulating plasma levels
of testosterone ¯uctuated in a manner similar to oestradiol
throughout the oestrous cycle. Levels of testosterone in male

rats (n=7) were signi®cantly higher than female rats in all
stages of oestrous (P50.001) (n=8).
Plasma concentrations of progresterone did not ¯uctuate

signi®cantly during the oestrous cycle being

39.03+4.19 ng ml71 (n=7), 37.79+2.79 ng ml71 (n=8) and
40.43+3.08 ng ml71 (n=8) during pro-oestrous, oestrous and
di-oestrous respectively. The levels in male rats

(3.66+1.05 ng ml71) were, however, signi®cantly lower than
those in females during all stages of oestrous (P50.001).

Blood pressure

Diastolic blood pressure was lowest in female rats in pro-

oestrous and highest in those in di-oestrous (P50.05). A
similar trend was also observed in the mean arterial pressures
(MAP) although this did not reach a level of signi®cance.
Male rats had MAP and diastolic blood pressures similar to

those observed in pro-oestrous females (Table 1).

Resting arterial diameters

The mean resting diameter of pressurized (50 mmHg)
mesenteric arteries taken from female rats at pro-oestrous,

oestrous and di-oestrous and male rats were not signi®cantly
di�erent from each other being: 262+8 mm (n=11),

Figure 1 Plasma concentrations of 17 b-oestradiol and testosterone
in female rats during pro-oestrous, oestrous and di-oestrous (n=8)
and in male rats (n=7). *P50.05 vs pro-oestrous, **P50.01 vs pro-
oestrous, ***P50.001 vs pro-oestrous, ###P50.001 vs males.

British Journal of Pharmacology vol 132 (5)

Oestrous, gender and responses to 17 b-oestradiolL. Shaw et al 1057



271+11 mm (n=8), 260+10 mm (n=11) and 247+6 mm
(n=26) respectively.

Contractions to KCl and U46619

Sixty mM KCl and 10 mM U46619 induced maintained
contractions in all tissues studied. The changes in diameter

to KCl were: 160.0+5.9 mm (n=8) (61.6+2.3% resting
diameter (rd)), 173.8+10.3 mm (n=8) (64.1+2.5% rd),
178.1+13.8 mm (n=8) (68.0+2.2% rd) and 155.0+6.7 mm
(n=8) (61.2+1.8% rd) and to U46619 were: 173.6+9.6 mm
(n=11) (66.0+3.6% rd), 167.5+7.0 mm (n=8) (66.2+2.4%
rd), 165.0+9.9 mm (n=11) (63.9+2.7% rd) and

140.0+8.0 mm (n=10) (59.8+2.9% rd) for vessels from
pro-oestrous, oestrous and di-oestrous females and males
respectively. These were not signi®cantly di�erent from each

other.

Effect of 17 b-oestradiol on mesenteric arterial diameter

17 b-oestradiol, studied over the range 0.01 ± 30 mM, elicited a
concentration-dependent relaxation in both KCl and U46619
pre-contracted mesenteric arteries taken from female rats at

each stage of oestrous and in those taken from male rats.
Responses were rapid (i.e. 55 min) and were only observed
at high (i.e. 43 mM) concentrations of oestrogens as we have

previously reported (Shaw et al., 2000) (see Figure 2 for
example).

Arteries pre-contracted with U46619 Signi®cant di�erences
were observed in the magnitude of the vasodilatory responses
of arteries taken from female rats in di�erent stages of
oestrous (see Figure 3A). The relaxations to 17 b-oestradiol
were largest in arteries taken from rats in pro-oestrous (n=8)
and smallest in those taken from rats in di-oestrous (n=8).
These responses appeared to correlate with both the plasma

levels of 17 b-oestradiol and the plasma levels of testosterone
(Figures 1 and 3), the greatest relaxations being observed in
arteries isolated from females when plasma levels of the two

hormones are highest. In arteries from male rats, however,
large relaxations to 17 b-oestradiol were observed. These
were comparable to those observed in female rats in pro-

oestrous (Figures 1 and 3).

Table 1 Resting blood pressures (systolic, diastolic and mean arterial pressure) in male and female rats

Systolic BP (mmHg) Diastolic BP (mmHg) Mean arterial BP (mmHg)

Females
pro-oestrous 100.7+1.4 53.5+2.7* 69.3+1.9

(n=57 from 8 rats) (n=57 from 8 rats) (n=57 from 8 rats)
oestrous 99.6+1.1 58.1+2.1 72.0+1.6

(n=44 from 8 rats) (n=44 from 8 rats) (n=44 from 8 rats)
di-oestrous 96.3+1.6 63.3+2.5 74.3+1.8

(n=62 from 8 rats) (n=62 from 8 rats) (n=62 from 8 rats)
Males 94.5+2.0 55.9+3.1 68.7+2.4

(n=30 from 7 rats) (n=30 from 7 rats) (n=30 from 7 rats)

*P50.05 cf di-oestrous.

Figure 2 The e�ects of cumulative additions of 17 b-oestradiol
(0.01 ± 30 mM) on the diameter of an isolated pressurized rat
mesenteric artery pre-contracted by 60 mM KCl.

Figure 3 The e�ects of 17 b-oestradiol on the diameter of isolated
mesenteric arteries, pre-contracted with either U46619 (10 mM) (A) or
KCl (60 mM) (B), taken from female rats in pro-oestrous, oestrous or
di-oestrous (all n=8) or from male rats (n=8 for KCl, n=10 for
U46619). *P50.05 vs pro-oestrous females, +P50.05 vs oestrous
females, #P50.05 vs di-oestrous females, .P50.05 vs males.
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60 mM KCl pre-contracted arteries Similar trends to the
above were observed in arteries pre-contracted with 60 mM

KCl, isolated arteries from female rats showing greatest

vasodilatory responses to 17 b-oestradiol when taken from
animals in the state of pro-oestrous when levels of plasma
oestrogen and testosterone were highest compared to other
oestrous states (Figures 1 and 3) (for all groups studied

n=8). The variations in responses to 17b-oestradiol during
the oestrus cycle were smaller in magnitude than those in
tissues pre-contracted with U46619 (Figure 3). Relaxations of

tissues from animals in all stages of oestrous were, however
signi®cantly greater (P50.05) in tissues pre-contracted with
KCl than those pre-contracted with U46619. Although the

magnitude of the vasodilations to 30 mM 17 b-oestradiol
produced in male rats was higher than those observed in
vessels from female rats in oestrous and di-oestrous these

di�erences did not reach statistical signi®cance.

Involvement of nitric oxide

Incubation with 10 mM L-NNA had no e�ect on contraction
to KCl or U46619 in mesenteric arteries from female rats at
the three stages of oestrous or male rats. The changes in

diameter to KCl were: 192.5+16.0 mm (n=8) (73.6+5.4%
rd), 167.5+10.2 mm (n=8) (73.6+2.2% rd), 179.4+11.0 mm
(n=8) (75.8+1.9% rd) and 163.8+11.1 mm (n=8)

(65.0+4.0% rd) and for U46619 pre-contracted arteries
were: 153.1+14.9 mm (n=8) (64.9+4.9% rd) 159.4+
13.7 mm (n=8) (66.0+4.4% rd), 158.1+10.2 mm (n=8)

(68.4+3.0% rd) and 154.5+11.0 mm (n=10) (65.7+4.7%
rd) in pro-oestrous, oestrous and di-oestrous females and

males respectively in the presence of L-NNA. These were not
signi®cantly di�erent to the changes in diameter reported
previously in the absence of the inhibitor. Similarly, L-NNA

had no e�ect on the vasodilatory response of arteries to 17 b-
oestradiol. This was true for those arteries taken from
females (all stages of oestrous) and males and in those
contracted with U46619 or KCl (Table 2).

Effect of in vivo incubation of isolated arteries with
testosterone on responses to 17 b-oestradiol

Incubation of arteries from pro-oestrous and di-oestrous
female and male rats with 1 mM testosterone for 3 h had no

e�ect on the contractions elicited by U46619. The changes in
diameter in pro-oestrous and di-oestrous female and male
animals were: 188.3+6.0 mm (n=3) (72.9+3.6% rd),

136.7+3.3 mm (n=3) (53.1+2.3% rd) and 136.3+6.3 mm
(n=4) (54.8+1.8% rd) and 140.0+22.9 mm (n=3)
(56.4+4.8% rd), 113.3+24.6 mm (n=3) (44.8+10.0% rd)
and 103.8+13.9 mm (n=4) (40.8+4.5% rd) in vessels in the

absence and presence of testosterone respectively. Incubation
also had no e�ect on the resting diameter of vessels in any
group (combined e�ect=0.96+1.11% increase, n=12).

Testosterone increased the relaxations of all vessels from
all groups to 17 b-oestradiol. In the presence of testosterone
there was no signi®cant di�erence in the relaxations observed

to 17 b-oestradiol between arteries from pro-oestrous and di-
oestrous females and males (Table 3). Control incubation for
3 h with vehicle in male animals had no e�ect on responses to

the oestrogen (these were: 1.7+1.0, 9.1+3.6, 18.3+4.5 and
39.7+8.3% U46619 (n=4) before and 5.3+4.1, 6.1+3.6,

Table 2 The concentration-dependent e�ects of 17 b-oestradiol, both in the absence and presence of L-NNA, on the diameter of
isolated rat mesenteric arteries pre-contracted with either 10 mM U46619 or 60 mM KCl

[17 b-oestradiol] (mM) 0.01 0.03 0.1 0.3 1.0 3.0 10.0 30.0

U46619 (10 mM)
Pro-oestrous female
(a) 7L-NNA (n=8) 0 0 0 0.4+0.4 0.4+0.4 10.1+4.7 16.4+4.3 38.9+5.4
(b) +L-NNA (n=8) 0 0 0 0 1.3+1.3 6.9+1.7 19.8+6.3 38.4+7.6

Oestrous female
(a) 7L-NNA (n=8) 0 0 0 0 3.7+2.5 3.9+1.9 9.4+2.7 24.6+3.2
(b) +L-NNA (n=8) 0 0 0 0 1.3+1.3 4.0+2.6 11.0+3.9 24.6+8.6

Di-oestrous female
(a) 7L-NNA (n=8) 0 0 0 0 0 1.8+1.5 5.7+1.9 20.1+3.7
(b) +L-NNA (n=8) 0 0 0 0 0.8+0.8 3.1+1.4 7.2+3.0 25.4+6.2

Males
(a) 7L-NNA (n=10) 0 0 0 0.9+0.9 7.1+5.2 10.1+4.8 21.9+6.2 41.5+9.1
(b) +L-NNA (n=10) 0 0 0 1.5+1.0 4.4+2.2 9.9+4.6 18.0+8.1 39.7+11.4

KCl (60 mM)
Pre-oestrous female
(a) 7L-NNA (n=8) 0 0 0 1.1+0.8 3.1+1.3 9.9+3.2 35.3+5.0 63.1+4.0
(b) +L-NNA (n=8) 0 0 0 0.7+0.7 4.4+3.4 8.6+5.2 34.1+9.9 59.3+9.0

Oestrous female
(a) 7L-NNA (n=8) 0 0 0 0.3+0.3 2.0+1.0 10.2+3.8 28.1+4.8 52.1+6.2
(b) +L-NNA (n=8) 0 0 0 0.9+0.9 1.4+1.4 3.1+2.1 16.2+7.3 49.3+10.2

Di-oestrous females
(a) 7L-NNA (n=8) 0 0 0 0 1.0+0.5 3.0+1.3 15.5+2.0 50.1+4.5
(b) +L-NNA (n=8) 0 0 0 0 1.3+0.9 2.9+0.9 14.8+4.1 53.9+9.0

Males
(a) 7L-NNA (n=8) 0 0 0 0 1.9+1.1 5.8+1.5 22.2+4.1 55.0+2.9
(b) +L-NNA (n=8) 0 0 0 0.31+0.31 5.6+3.4 13.5+5.1 32.2+9.2 58.7+7.3

Results are expressed as a % maximal relaxation to U46619 or KCl. (N.B. only levels of signi®cance in the absence and presence of
L-NNA are displayed).
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18.9+4.4 and 41.9+4.1% U46619 (n=4) after control
incubation for 1, 3, 10 and 30 mM 17 b-oestradiol respec-
tively).

Discussion

The results of the present study suggest that levels of
circulating sex hormones can in¯uence vascular responsive-
ness to subsequent acute application of 17 b-oestradiol. In all

tissues acute application of 17 b-oestradiol resulted in
concentration-dependent vasodilatory responses in isolated
rat mesenteric arteries similar to those reported previously

(Jiang et al., 1991; Shaw et al., 2000). Within the oestrous
cycle, the largest responses were observed in vessels taken
from rats in pro-oestrous while the smallest were observed in

vessels taken from animals in di-oestrous. Vessels taken from
rats in oestrous exhibited intermediate responses. These
trends were similar to those observed with diastolic, and
mean, blood pressure measurements in whole animals

although a signi®cant di�erence was only observed with
diastolic blood pressure between female rats in pro and di-
oestrous. Thus, normal ¯uctuations in hormone levels during

the oestrous cycle may in¯uence the responsiveness to
subsequent acute exposure to 17 b-oestradiol. The responses
of vessels from male rats, pre-contracted with U46619 at

least, were similar to those of female rats in pro-oestrous.
The ®ndings are in contrast to previous studies which have
demonstrated enhanced responsiveness to acute 17 b-
oestradiol in isolated vessels from female compared to male
rats (Chester et al., 1995; McNeill et al., 1996; Le Tran et al.,
1997) or in which no gender di�erences were found (Jiang et
al., 1991). In other studies, however, responses to 17 b-
oestradiol were greater in endothelium-denuded arteries from
male rats compared to those from females (Crews & Khalil,
1999a). The reasons for these di�erences is unclear. Previous

studies also did not consider the in¯uence of cyclical
hormonal variations in females on the subsequent responses
to oestrogen.

The responses of isolated arteries from female rats to acute
17 b-oestradiol were greatest in those taken from animals in
pro-oestrous. Animals in this stage had higher plasma levels

of 17 b-oestradiol compared to those in oestrous or di-
oestrous. In male rats, however, which had lower plasma
oestrogen concentrations than all groups of females, relaxa-
tions to acute 17 b-oestradiol were large and comparable to

those observed in female pro-oestrous vessels. However,
plasma testosterone levels were highest in females in pro-
oestrous rats leading to the suggestion that testosterone may

in¯uence the responsiveness to acute 17 b-oestradiol applica-
tion. In support of this, we were able to demonstrate that, in
both males and females (pro-oestrous and di-oestrous), 3 h

incubation with exogenous testosterone (1 mM) enhanced
responsiveness to subsequent acute 17 b-oestradiol exposure.
At this concentration testosterone had no e�ect on resting
diameter or on the diameter of pre-contracted arteries

although we have shown that at higher concentrations a
vasodilation may be observed (Sekrahan et al., 1999). The
direct vasodilatory e�ects of high concentrations of testoster-

one on vascular tissues have previously been shown, however,
to be gender-independent (Yue et al., 1995). In support of
this we found that testosterone incubation elevated the

responses of arteries from pro-oestrous females and males
to 17 b-oestradiol by similar amounts. In contrast, however,
testosterone had a greater e�ect on responses of vessels from
di-oestrous females, which previously were smaller than those

of males or pro-oestrous females. Following testosterone
incubation the responses to 17 b-oestradiol were similar in all
groups. This observation further supports the idea that the

concentrations of testosterone in vivo can in¯uence the
subsequent responses to acute 17 b-oestradiol. The mechan-
isms responsible for this remain unclear but the e�ects of

testosterone on vascular tissues appear unlikely to be due to a
conversion to oestrogen by aromatase (Yue et al., 1995). No
relationship between plasma levels of progesterone and

subsequent responses to 17 b-oestradiol were found. We,
and others, have previously shown that the acute vasodila-
tory e�ects of 17 b-oestradiol are mediated via endothelial-
independent mechanisms involving decreases in smooth

muscle intracellular calcium ([Ca2+]i) (Han et al., 1995; Shaw
et al., 1998) by inhibition of Ca2+-in¯ux through voltage
dependent L-type channels (Shan et al., 1994; Nakajima et

al., 1995; Kitazawa et al., 1997). A number of studies,
however, have suggested that gender di�erences in the
contractile responses to 17 b-oestradiol may involve addi-

tional e�ects on the endothelium (McNeill et al., 1996; Le
Tran et al., 1997). These e�ects appear to involve non-
genomic modulation of NOS activity and thus the release of

NO (Lantin-Hermoso et al., 1997). In the present study,
however, we found that responses to 17 b-oestradiol were
una�ected by inhibition of NOS suggesting that the
di�erences reside at the level of the smooth muscle. In

Table 3 Responses of mesenteric arteries pre-contracted with 10 mM U46619 to 17 b-oestradiol both before and after 3 h incubation
with 1 mM testosterone

[17 b-oestradiol] (mM) 0.01 0.03 0.1 0.3 1 3 10 30

Pro-oestrous females
(a) 7testosterone (n=3) 0 0 0 0.9+0.9 7.9+2.6 8.0+2.8 19.5+2.4 38.7+4.5
(b) +testosterone (n=3) 0 0 0 3.6+2.4 14.2+12.9 19.1+10.5 42.3+12.9 61.9+8.7

Di-oestrous females
(a) 7testosterone (n=3) 0 0 0 0 0 0 0 13.5+7.3
(b) +testosterone (n=3) 0 0 0 4.4+4.4 14.0+10.6 27.1+12.0 40.5+5.2 59.7+11.4*

Males
(a) 7testosterone (n=4) 0 0 0 0 2.6+1.7 8.5+4.1 17.7+6.8 43.1+3.6
(b) +testosterone (n=4) 0 0 1.4+1.4 8.8+3.6 19.5+3.6* 34.5+10.4 50.6+6.5* 75.8+3.8*

*denotes P50.05 vs responses of tissues before testosterone incubation. Vasodilatory responses are expressed as a per cent of response
to U46619.
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support of this, it has previously been shown that the
inhibitory e�ect of 17 b-oestradiol on Ca2+-in¯ux is greater
in tissues from male rats compared to those from females

(Crews & Khalil, 1996b). In a separate study, however, the
authors showed that 17 b-oestradiol was more e�ective at
reducing in¯ux than progesterone or testosterone, the later
hormones presumably inhibiting other mechanisms in addi-

tion to Ca2+ entry (Crews & Khalil, 1999a). Whilst these
studies appear somewhat contradictory they could be
explained by interactions between the sex hormones i.e. in

males vs females.
In the present study it was found that vessels isolated from

female rats, at all stages of oestrous, exhibited signi®cantly

greater responses to 17 b-oestradiol if they were pre-
contracted with KCl than with U46619. As one of the major
mechanisms whereby 17 b-oestradiol acutely relaxes vascular

tissues is via an inhibition of Ca2+-in¯ux through voltage
dependent Ca2+ channels (Shan et al., 1994; Nakajima et al.,
1995; Kitazawa et al., 1997), these di�erences may be a
consequence of a smaller dependence of U46619-induced

contractions on such in¯ux than KCl-induced contractions.
Such an e�ect does not, however, explain why relaxations of
tissues from male rats to 17 b-oestradiol were independent of

the vasoconstrictor agent used especially as others have
shown 17 b-oestradiol to have a greater inhibitory e�ect on
Ca2+ in¯ux in tissues from male rats than from females

(Crews & Khalil, 1999b). Another contributory factor may be
a stimulatory e�ect of testosterone on thromboxane receptor
density (Masuda et al., 1991) although if this were

contributing signi®cantly to the present results, di�erences
in the magnitude of contractions to U46619 throughout the
oestrous cycle and between male and females would have
been expected. It has previously been shown that the direct

vasodilatory e�ect of testosterone is greater in isolated
arteries pre-contracted with PGF2a compared to depolarized
preparations, an e�ect which was attributed to e�ects on K+

channels (Yue et al., 1995). Less variation in the direct e�ects
of 17 b-oestradiol with oestrous in arteries pre-contracted
with KCl compared to those contracted with U46619, as

observed in the present experiment, may be due to similar
actions of elevated testosterone.
These acute vasodilatory responses of isolated rat

mesenteric arteries to 17 b-oestradiol are stereospeci®c, non-

genomic and appear to be mediated by interactions at the
plasma membrane (Shaw et al., 2000). Although membranous
binding of ¯uorescently-labelled membrane-impermeant oes-

trogen has been demonstrated in a number of cell types
(Pappas et al., 1995; Pyo et al., 1999) the identity of this
putative binding site remains unclear but it may be a speci®c

oestrogen receptor (Razandi et al., 1999) or another plasma
membranous protein. Support for the latter concept in
smooth muscle is provided by the ®nding that 17 b-oestradiol
can bind to, and regulate the activity of, maxi-K channels
(Valverde et al., 1999). Although such an action would be
expected to cause membrane hyperpolarization leading to a
reduction in ICa and hence relaxation we observed similar, or

even larger, relaxations to 17 b-oestradiol in depolarized
mesenteric arteries compared to those pre-contracted with
U46619. Such a mechanism is therefore unlikely to be

involved in the acute vasodilatory responses of 17 b-
oestradiol in the rat mesenteric vascular bed. Evidence also
exists, in T cells at least, that testosterone may also alter

Ca2+ in¯ux via non-genomic interactions with the surface
membrane (Benten et al., 1997). Whether such a mechanism/
binding site exists in vascular smooth muscle is currently
unclear, however, testosterone has also been shown to relax

arteries via mechanisms which are endothelium-independent
and are una�ected by inhibition of classical testosterone
receptors (Yue et al., 1995; Costarella et al., 1996).

In the absence of further information regarding the identity
of putative oestrogen and testosterone surface binding sites,
which modulate the non-genomic e�ects on contractility, it is

di�cult to precisely identify how the acute actions of
oestrogens may be regulated by chronic hormonal levels.
Whilst it is well known that the density of classical oestrogen

receptors (modulating genomic oestrogenic e�ects) may be
regulated by oestrogen itself in a positive manner, such that
more are present in vascular tissues from pre-menopausal
females compared to post-menopausal females or males

(Bergqvist et al., 1993), it is unclear whether the membranous
binding sites are similarly regulated. It is possible that the
acute e�ects of oestrogen may be mediated by a membrane

binding site which co-operatively binds testosterone as has
been suggested for sex hormone binding globulin (Knochen-
hauer et al., 1998) which itself has a membraneous binding

site (Rosner et al., 1999). Whilst in vitro studies clearly
demonstrate that serum factors are not necessary for the
interactions they may indeed enhance them, and thus reduce

the concentration required to produce an e�ect, in vitro.
Further study, however, is necessary to elucidate the nature
of the binding site(s) responsible for the acute e�ects of sex
hormones on contractility before the interactions may be

understood.
In conclusion, therefore, the results of the present study

demonstrate that the responsiveness of isolated pressurized

rat mesenteric arteries to 17 b-oestradiol is in¯uenced by the
hormonal status of the animal. The greatest relaxation to 17
b-oestradiol was observed in arteries taken from female rats

in pro-oestrous and the smallest in those from rats in di-
oestrous. Animals in pro-oestrous exhibited the highest
plasma concentrations of both 17 b-oestradiol and testoster-
one while those in di-oestrous exhibited the lowest. In male

rats, however, where plasma levels of oestradiol were low
while those of testosterone were high, responses were of
similar magnitude to maximal vasodilations observed in

females in pro-oestrous where levels of both hormones were
high. In vitro incubation of arteries with testosterone
enhanced subsequent acute responses to oestradiol. These

observations suggest that, while there may be `cross talk'
between the chronic and acute e�ects of 17 b-oestradiol,
testosterone may be more important in governing arterial

responsiveness to acute oestrogen exposure.
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