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Abstract 

The in vitro effects of 17[~-estradiol on vascular responses to adrenergic nerve stimulation were studied in perfused tail arteries from 
age-matched male and female rats. Nerve stimulation resulted in vasoconstriction that was greater in male arteries. Addition of 
1713-estradiol (3 × 10-5 M) reduced the vasoconstrictor responses in both male and female arteries, but the reduction was significantly 
greater in the females. Gonadectomy of the animals for 1 month prior to the experiment did not alter the in vitro responses to 
17[3-estradiol in either males or females. 17[3-Estradiol (10-6-3 X 10-5 M) also relaxed perfused tail arteries precontracted with KCI (50 
raM); however the relaxation was not different between males and females, either intact or gonadectomized. Stimulation-evoked release 
of noradrenaline from adrenergic nerves of perfused tail arteries was measured, but no differences were found between males and 
females, nor was release modified by in vitro exposure to 1713-estradiol (10 -5 M). These results suggest that 17[3-estradiol acts directly 
on postjunctional mechanisms to relax tail arteries of either sex. The effect of the hormone on arteries constricted by adrenergic nerve 
stimulation, however, is greater in females compared to males. 
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1. Introduction 

There is ample evidence supporting a difference in 
cardiovascular function between males and females. Males 
suffer from circulatory disorders to a greater degree than 
females (Caplan et al., 1986; Lerner and Kannel, 1986), 
and women have a lower probability of  developing coro- 
nary heart disease, primarily prior to menopause (Dicken, 
1978). Differences in adrenergic function may be involved 
in these sex differences, in that it has been found that the 
maximal response to phenylephrine is greater in aorta from 
male rats (Stallone et al., 1991). The contractile response 
of  rat tail artery to adrenergic nerve stimulation is also 
greater in males than in females (Li and Duckles, 1994). 
Mesenteric arterioles from male rats, however, show a 
lower vasoconstrictor response to noradrenaline (Altura, 
1975) and a lower affinity of  e~-adrenoceptors (Colucci et 
al., 1982) as compared to female arterioles. 

* Corresponding author. Tel.: (1-714) 824-4265; Fax: ( 1-714) 824-4855. 

Ovarian hormones may play a role in these vascular 
differences, as the sex difference in phenylephrine re- 
sponse can be abolished by gonadectomy (Stallone, 1994). 
In vivo treatment with 17[3-estradiol increases the in vitro 
contraction to noradrenaline in rat mesenteric vasculature 
(Colucci et al., 1982), rat aorta (Cheng and Gruetter, 1992) 
and rabbit aorta (Miller and Vanhoutte, 1990), but this 
treatment depresses contraction in rabbit femoral artery 
(Gisclard et al., 1987). Estradiol in vitro has been reported 
to increase the contraction of the rat mesenteric bed to 
exogenous noradrenaline, without modifying the response 
to perivascular nerve stimulation (Vargas et al., 1995). In 
contrast, estradiol produces relaxation of  precontracted rat 
tail (Shan et al., 1994) or rabbit coronary (Jiang et al., 
1991) arteries. Sex differences could account for some of  
these discrepancies in that the effects of  1713-estradiol have 
been studied either in males (Colucci et al., 1982; Shan et 
at., 1994; Vargas et al., 1995) or in females (Gisclard et 
al., 1987; Miller and Vanhoutte, 1990; Cheng and Gruet- 
ter, 1992), but few studies have compared the vascular 
effects of  1713-estradiol between males and females. This 
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comparison is physiologically relevant, as circulating es- 
trogens are present in males as well as in females (Guyton 
and Hall, 1995). 

The objective of this study was to compare the in vitro 
effect of 17[3-estradiol on male and female rat tail arteries 
by measuring vasoconstrictor responses to either adrener- 
gic nerve stimulation or non-specific depolarization by 
high K + as well as stimulation-evoked release of nor- 
adrenaline. Arteries were studied from both intact and 
gonadectomized male and female animals to assess possi- 
ble sexual dimorphism and the influence of chronic expo- 
sure to gonadal steroid hormones on the vascular effects of 
estrogen. 

2. Materials and methods 

Fourteen female and thirteen male 4-month-old Fisher 
344 rats were purchased from Harlan Sprague-Dawley 
(Indianapolis, IN, USA) and maintained for 1 week in the 
University of California, Irvine, College of Medicine, ani- 
mal facility before use. Food and water were continuously 
available. 

Orchiectomy or ovariectomy were performed in male or 
female rats, respectively, under ketamine (Ketasel, Fort 
Dodge Laboratories, IA, USA, 100 mg/kg)  and xylazine 
(Rompun, Miles, KS, 10 mg/kg)  anaesthesia, using asep- 
tic surgical techniques. After gonadectomy, the animals 
were maintained for 4 weeks in the animal facility before 
being killed. Control (intact) male and female rats were 
also maintained in the facility for a similar period of time. 
At the time of the experiment, both control and gonadec- 
tomized animals were 5 months old. 

2.1. Contractile responses 

Rats were killed by decapitation, and two 1.5 cm seg- 
ments of tail artery were dissected from each animal. 
Tissues were cannulated at both ends and placed in a low 
volume perfusion/superfusion system. The tissue was per- 
fused and superfused with Krebs' solution (mM: NaC1, 
118; KC1, 4.8; CaClz; 2.5; KH2PO 4, 1.2; NaHCO 3, 2.5; 
MgSO 4, 1.2; disodium ethylenediaminetetraacetate, 0.1; 
dextrose, 11.5), bubbled with 95% 0 2 and 5% CO 2, at a 
rate of 1 ml/min,  and the entire assembly was kept at 
37°C in a circulating water bath. The perfusion pressure 
was monitored and recorded by a pressure transducer, and 
resulting signals were digitized by a Mac Lab analog to 
digital converter and recorded by a Macintosh SE com- 
puter. Basal perfusion pressure was in the range 50-70 
mmHg, and did not change throughout the duration of the 
experiment. 

In this preparation, vascular contraction to adrenergic 
nerve stimulation (1-8 Hz, 60 V, 0.3 ms pulse duration 
and 100 pulses) was recorded before and after addition of 
17[3-estradiol (10-7-3  X 10 -5 M). Electrical stimulation 

was applied with two platinum electrodes placed at either 
end of the artery and connected to a Grass $48 stimulator. 
To one of the segments, five series of stimulation trains (1, 
2, 4 and 8 Hz) were applied, the first series in the absence 
and the tbllowing four series in the presence of various 
concentrations of 17[3-estradiol (10 v-3 × 10 5 M). 
17[3-Estradiol was added cumulatively, and the tissue was 
exposed to each concentration for 15 rain prior to stimula- 
tion. The same stimulation series were applied to the other 
vascular segment, but only the vehicle (ethanol 1:10000) 
was added, in order to test for reproducibility of the 
contractile response and possible effects of the vehicle. 
The duration of the experiment (about 3 h) and the number 
of electrical stimulation series applied were similar in the 
control and experimental segments. Contractile responses 
to adrenergic nerve stimulation were well maintained 
throughout the course of the experiment, and the ethanol 
vehicle had no significant effect. 

The relaxation to 17[3-estradiol was also studied in 
arteries precontracted with KC1 (50 mM). After the con- 
traction to K + had reached a stable plateau, 17[3-estradiol 
(10 6-3 × 10 -5 M) was added cumulatively. 

2.2. Noradrenaline release 

To study the effects of 17[3-estradiol on noradrenaline 
release, 3 cm segments of tail arteries from male and 
female, control or gonadectomized rats, were dissected, 
perfused and electrically stimulated as described above. 
For the noradrenaline release experiments, electrical stimu- 
lation was at 2 Hz, 60 V and 1 ms pulse duration during 3 
rain (a total of 360 pulses). The entire experimental proto- 
col was performed in both vascular segments in the pres- 
ence of cocaine (10- 5 M) and deoxycorticosterone (10- 5 
M) to block neuronal and extraneuronal noradrenaline 
uptake, and, in one of the segments, the ct2-adrenoceptor 
antagonist idazoxan (10 6 M) was also added to eliminate 
the influence of prejunctional ct2-adrenoceptors. Perfusate 
samples were collected for 5 rain immediately prior to 
each stimulation and also were collected at the initiation of 
each stimulation period and continuing for 5 rain, giving 
total volumes of 5 ml for each perfusate sample. Both 
segments were stimulated first in control conditions, then 
17[3-estradiol (10 -5 M) was added to the bath, and after a 
25-rain equilibration period a second stimulation train was 
applied. 

Collected perfusate fractions were placed on ice and 
acidified with 200 p~l of 1 M acetic acid. After adjustment 
of pH to 8.6 with 2.5 ml of Tris-hydroxymethyl amino- 
methane buffer, acid-washed alumina (50 mg) and 300 pg 
of dihydroxybenzylamine internal standard were added. 
Noradrenaline and dihydroxybenzylamine bound to the 
alumina were eluted with 300 Ixl of 0.1 M perchloric acid. 
One hundred microliter samples of eluted amines were 
injected into a high pressure liquid chromatograph with 
electrochemical detection (ESA; Bedford, MA, USA), and 
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a 100 pg noradrenaline standard was measured in each 
experiment. Noradrenaline was quantitated with the fol- 
lowing formula: 

pg of noradrenaline = (noradrenaline peak height of 
sample/noradrenaline peak height of standard) × 
(dihydroxybenzylamine peak height of standard/dihy- 
droxybenzylamine peak height of sample)× 100 pg of 
noradrenaline standard. 

This value was multiplied by 3, to give the total nor- 
adrenaline content in the 300 ILl sample. At the end of the 
stimulation experiment, the arteries were homogenized in 3 
ml of 0.1 M perchloric acid. 0.3 ml of the tissue ho- 
mogenate were processed for measurement of noradrena- 
line as described above. The results were multiplied by 10 
to obtain the total noradrenaline content of the artery. 

The basal release of noradrenaline is expressed as pg of 
noradrenaline/pg of noradrenaline tissue content, and the 
release during stimulation is expressed as (pg of nor- 

adrenaline)/(pg of noradrenaline tissue content × number 
of stimulation pulses). The noradrenaline content in the 
tissue is expressed as pg of noradrenaline/mg of tissue 
wet weight. 

2.3. Statistical analysis 

Data for the different experimental groups were ana- 
lyzed by analysis of variance (ANOVA), followed by 
individual comparisons between each experimental group 
and its control by Dunnett's t-test. 

2.4. Drugs used 

The following drugs were used: 1713-estradiol (Sigma), 
deoxycorticosterone (Sigma), cocaine hydrochloride 
(Sigma), 3,4-dihydroxybenzylamine hydrochloride 
(Sigma), idazoxan hydrochloride (Research Biochemicals). 
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3.1. Contractile responses 

As shown in Fig. 1 and Fig. 2, adrenergic nerve stimu- 
lation produced frequency-dependent contraction of the 
perfused tail artery, which was higher in male than in 
female rats ( P < 0 . 0 0 5 ,  by ANOVA). Contractile re- 
sponses to adrenergic nerve stimulation were not signifi- 
cantly different between orchiectomized and control males 
or between ovariectomized and control females. 

Addition of 17[3-estradiol (10-7-10 -5 M) to the per- 
fusate did not modify significantly the vascular contraction 
to nerve stimulation, except at the highest concentration of 
17[3-estradiol tested, 3 × 10 .5 M, which reduced signifi- 
cantly the contraction of arteries from control or ovariec- 
tomized females and from control or orchiectomized male 
rats. The magnitude of reduction was significantly greater 
(P  < 0.05, by ANOVA) in arteries from control or 
ovariectomized female rats than in arteries from control or 
orchiectomized male rats. Thus 1713-estradiol reduced con- 
tractile responses at 4 Hz by 46_+ 8% in female tail 
arteries compared to 23 + 7% in male arteries. No differ- 
ences were observed in the effects of 17[3-estradiol be- 
tween arteries from control female rats compared to 
ovariectomized rats, nor in control male rats compared to 
orchiectomized rats. The ethanol vehicle used for 1713- 
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Fig. 3. Experimental recording of the relaxing effect of 17[3-estradiol 
(10 - °  - 3  × 10 -5 M) on a perfused rat tail artery precontracted with KCI 
(50 raM). 

estradiol did not produce any effect by itself, and the 
contraction to each frequency was reproducible over the 
course of the experiment. 

K + (50 mM) produced contraction of tail artery seg- 
ments which was not significantly different in any of the 
experimental groups (42 _+ 7 and 43 _+ 3 mmHg in control 
and ovariectomized females, and 51 _+ 4 and 43 _+ 4 mmHg 
in control and orchiectomized males, respectively). In these 
precontracted segments, 17[3-estradiol produced concentra- 
tion-dependent relaxation (Fig. 3), and in this case no 
differences were observed in the effects of 17[3-estradiol 
between arteries of male and female rats, or when compar- 
ing orchiectomized or ovariectomized groups to control 
male or female arteries, respectively (Fig. 4). 
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Table 1 
Rat tail artery noradrenaline content, basal noradrenaline efflux and noradenaline release during transmural electrical stimulation 

343 

Noradrenaline content 
(ng /mg wet weight) 

Basal noradrenaline efflux 
(pg/pg content × 10 -4) 

Stimulation-evoked fractional noradrenaline release 
(pg/pg content/pulse × 10-6) 

Control Estradiol Idazoxan 
10 -5 M 10 -6 M 

Idazoxan l0 -6 M 
+estradiol 10 -5 M 

Control female 38 -k 3 3.0 _+ 1.2 
Ovariectomized female 37 _+ 4 8.3 _+ 3.4 
Control male 26 _+ 3 ~' 3.2 _+ 0.8 
Orchiectomized male 23 _+ 2 ~' 4.8 -+ 1.8 

19+3  18_+2 6 8 + 1 0  b 76±11 
22_+3 25_+3 58_+13 b 56_+ 9 
18_+2 20_+3 7 8 + 1 2  b 74+11 
23+_3 25_+3 77_+ 3 h 72_+ 2 

Values are means _+ S.E.M. from 5 experiments. 
Statistically significant difference compared to control females (P  > 0.01 ). 

b Statistically significant difference compared to control (P < 0.01 ). 

3.2. Noradrenaline content 

Noradrenaline content (Table l), expressed in relation 
to tissue wet weight of the arterial segments, was signifi- 
cantly higher in arteries from female rats, compared to 
males. However, noradrenaline content in arteries from 
orchiectomized males or ovariectomized females was not 
different from that in control male or female rats, respec- 
tively. 

3.3. Noradrenaline release 

In the rat tail arteries incubated with cocaine and deoxy- 
corticosterone, a small release of noradrenaline was ob- 
served under basal conditions, which was not different in 
any of the experimental groups (Table 1). Electrical stimu- 
lation increased the release of noradrenaline, but the amount 
of release was not significantly different between male or 
female, control or gonadectomized rats. Idazoxan signifi- 
cantly increased stimulation-evoked release in all groups 
(P  < 0.01). Addition of 1713-estradiol did not modify the 
basal release or the stimulation-evoked release of nor- 
adrenaline, in any of the experimental groups, either in the 
absence or presence of idazoxan (Table 1). 

4. Discussion 

The present results suggest that ovarian steroid hor- 
mones may have a modulatory role on vascular responses 
to adrenergic stimulation, a role which may be more 
important in females. Previous investigation has supported 
the concept that sex differences exist in adrenergic re- 
sponses. For example, contraction of rat tail artery to 
adrenergic nerve stimulation was found to be greater in 
males than in females (Li and Duckles, 1994). However, 
the possible role of ovarian hormones in these differences 
has not yet been determined. Little information is available 
about the effect of estrogen on responsiveness to sympa- 
thetic nerve stimulation. 

In the present study we have found that 17[3-estradiol 

reduced the contraction of rat tail artery to adrenergic 
nerve stimulation. To test whether 17[3-estradiol had any 
prejunctional effect on vascular nerve terminals, we mea- 
sured the amount of noradrenatine released by the arteries 
during nerve stimulation in a perfusion-superfusion sys- 
tem. In these conditions, nerve stimulation induced the 
release of noradrenaline, and this release was greater when 
prejunctional a2-adrenoceptors were blocked. There were 
no significant differences in fractional noradrenaline re- 
lease between male and female arteries. However 1713- 
estradiol failed to modify the release of noradrenaline, 
either in control conditions, or in the presence of c¢ 2- 
adrenergic blockade when tested on arteries from intact or 
gonadectomized male or female rats. This suggests that the 
reduction by 17[3-estradiol of contraction to adrenergic 
nerve stimulation is probably not due to a prejunctional 
effect. Rather it is most likely that 17[3-estradiol reduced 
the vasoconstrictor effect of noradrenaline released from 
nerve terminals by a postjunctional action. Indeed, we 
have also shown that 17[3-estradiol applied in vitro reduces 
contractile responses of the rat tail artery to exogenous 
noradrenaline (McNeill et al., 1996). 

Estradiol has been shown previously to have direct 
vasodilator effects on vascular smooth muscle. For exam- 
ple, estradiol induces relaxation of rabbit coronary artery 
precontracted with prostaglandin F2, ~ or high K + (Jiang et 
al., 1991) and it has been shown to relax rat tail arteries 
precontracted with KCI, arginine vasopressin or noradrena- 
line (Shah et al., 1994). The relaxing effect of 1713-estradiol 
was not dependent on the endothelium (Jiang et al., 1991) 
and has been suggested to be due to Ca 2+ antagonistic 
properties of 17[3-estradiol (Jiang et al., 1991; Shan et al., 
1994). More recently estrogen has been shown to open 
BKc~ channels in isolated pig coronary arteries (White et 
al., 1995). Thus our results essentially confirm previous 
findings in the literature that 17[3-estradiol relaxes vascular 
contractile responses produced by a wide variety of vaso- 
constrictors. 

However, the primary objective of our study was to 
compare the effects of 17[3-estradiol in arteries from male 
and female rats and to determine whether these effects are 
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altered by gonadectomy. We found that 17[3-estradiol re- 
duced the contraction to adrenergic nerve stimulation in 
both male and female tail arteries, but the reduction by 
estradiol was greater in female arteries. In contrast, the 
relaxation to 17[3-estradiol in arteries precontracted with 
K + was not different between males and females. It has 
previously been reported that relaxations to 17[3-estradiol 
in rabbit coronary arteries precontracted with K + ,  prosta- 
glandin F2, ~ or the Ca 2+ channel agonist methyl 1,4-dihy- 
dro-2,6-dimethyl-3-nitro-4-(2-trifluoromethylphenyl)-pyry- 
dine-5-carboxylate (Bay K 8644), were not different when 
males and females were compared (Jiang et al., 1991). Our 
findings, together with these previous observations, sug- 
gest that the mechanism by which estradiol causes vasodi- 
lation may depend, to some degree, on the vasoconstrictor 
agent. 

In contrast, the sex differences in relaxation induced by 
17[3-estradiol when arteries are contracted by adrenergic 
nerve stimulation suggest that this effect of estradiol may 
involve a distinct mechanism of action. 17[3-Estradiol does 
not appear to modulate the function of  the adrenergic 
nerves themselves, as we have shown that 17[3-estradiol 
does not influence basal or stimulation-evoked noradrena- 
line overflow. Thus we hypothesize that the effect of  
estradiol to inhibit contractile responses to adrenergic nerve 
stimulation depends on a postjunctional action of  the 
steroid. Indeed, we have recently demonstrated that estra- 
diol relaxes rat tail arteries preconstricted with noradrena- 
line, and the effects of estradiol in this case are greater in 
arteries from female as compared to male rats (McNeill et 
al., 1996). Furthermore, these effects of 17[3-estradiol are 
not observed when the endothelium is removed, underscor- 
ing a distinct mechanism of action of 17[3-estradiol in 
arteries contracted by adrenergic nerve stimulation or nor- 
adrenaline as compared to arteries precontracted by other 
vasoconstrictors. Indeed, relaxation to 17[3-estradiol of 
rabbit coronary arteries precontracted with high K + or 
prostaglandin F2, ~ has been shown to be endothelium-inde- 
pendent (Jiang et al., 1991). 

Our findings suggest a greater effectiveness of 1713- 
estradiol to inhibit contractile responses to noradrenaline in 
female arteries as compared to male. These vascular ef- 
fects of 17[3-estradiol, in contrast to the non-specific inhi- 
bition of Ca ~'+ channels, may be mediated by an action on 
specific estrogen receptors (Vargas et al., 1995). However, 
the relatively rapid time-course suggests this effect is not 
mediated by classical steroid receptors which enter the 
nucleus and influence gene transcription. Rather, it is more 
likely that these effects of estrogen depend on non-ge- 
nomic mechanisms mediated by plasma membrane binding 
sites for estrogen. Our results could be explained if the 
arteries from females have a greater concentration of these 
specific estrogen receptors. In fact, a greater concentration 
of estrogen receptors has been found in the hypothalamus 
of female as compared to male rats (Brown et al., 1988). 
However, to our knowledge, possible gender differences in 

vascular estrogen receptors have not been studied, al- 
though specific estrogen receptors have been detected in 
arteries (Stumpf, 1990). 

We have also observed that the inhibitory effect of 
17[3-estradiol on contractile responses to adrenergic nerve 
stimulation was not influenced by gonadectomy. The 
greater effect of 17[3-estradiol on adrenergic responses in 
female, compared to male, arteries persisted 4 weeks after 
either orchiectomy or ovariectomy. These findings are in 
contrast to previous studies demonstrating that some gen- 
der-related differences in the vasculature are influenced by 
gonadectomy. For example, gender-related differences in 
affinity of oL-adrenoceptors in rat mesenteric artery disap- 
pear after gonadectomy (Colucci et al., 1982), and differ- 
ences in contractile responses of rat aorta to phenylephrine 
or vasopressin are also modified by gonadectomy (Stal- 
lone, 1994). The lack of influence of  gonadectomy on 
gender differences in response to 17[3-estradiol in our 
studies suggests that the greater sensitivity may be consti- 
tutive in female vessels and may be determined during 
development. 

The present results may have significant relevance to 
understanding differences in physiological control of the 
cardiovascular system between males and females. Previ- 
ous studies indicate that arteries from females are less 
sensitive to adrenergic stimulation (Stallone et al., 1991 ; Li 
and Duckles, 1994). Although concentrations of 1713- 
estradiol used in our study are higher than circulating 
plasma levels, the greater sensitivity of female arteries 
suggests a fundamental gender-related difference in vascu- 
lar function, perhaps involving differences between males 
and females in the complement of vascular estrogen recep- 
tors. These findings underscore that cardiovascular effects 
of endogenous or exogenous estrogen may be greater in 
females and might contribute to the reduced adrenergic 
response and lower incidence of cardiovascular disease in 
females. 
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