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Greater antiarrhythmic activity of acute
17b-estradiol in female than male anaesthetized
rats: correlation with Ca2þ channel blockade
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Background and purpose: Female sex hormones may protect pre-menopausal women from sudden cardiac death. We
therefore investigated the effects of the main female sex hormone, 17b-estradiol, on ischaemia-induced cardiac arrhythmias
and on the L-type Ca2þ current (ICaL).
Experimental approach: In vivo experiments were performed in pentobarbital-anaesthetized rats subjected to acute coronary
artery occlusion. ICaL was measured by the whole-cell patch-clamp technique, in rat isolated ventricular myocytes.
Key results: Acute intravenous administration of 17b-estradiol as a bolus dose followed by a continuous infusion, commencing
10 min before coronary artery occlusion, had dose-dependent antiarrhythmic activity. In female rats 300 ng kg-1 þ
30 ng kg�1 min�1 17b-estradiol significantly reduced the number of ventricular premature beats (VPBs) and the incidence
of ventricular fibrillation (VF). A ten fold higher dose of 17b-estradiol was required to cause similar effects in male rats. In vitro
17b-estradiol reduced peak ICaL in a concentration-dependent manner. The EC50 was ten-fold higher in male myocytes
(0.66 mM) than in females (0.06 mM).
Conclusions and implications: These results indicate that 17b-estradiol has marked dose-dependent antiarrhythmic activity
that is greater in female rats than in males. A similar differential potency in blocking ICaL in myocytes from female and male rats
can account for this effect. This provides an explanation for the antiarrhythmic activity of 17b-estradiol and gender-selective
protection against sudden cardiac death.
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Introduction

When patients with heart disease die suddenly it is usually

because of lethal arrhythmias, such as ventricular fibrillation

(VF). Premenopausal women are much less susceptible to

coronary heart disease and sudden cardiac death than men

of a similar age (Welty, 2001; Wenger, 2002). After the

menopause, however, the incidence of coronary heart

disease in women increases such that by age 75 years it is

similar to that in men (Rosano et al., 2001). In patients with

coronary heart disease the risk of sudden death was twice as

high in men than it was in women (Kannel et al., 1998). Such

observations have led to the suggestion that female sex

hormones, in particular estrogens, protect premenopausal

women from sudden cardiac death (Welty, 2001).

17b-Estradiol has a number of actions which may be

antiarrhythmic including both direct and indirect vasodila-

tor activity (Kitazawa et al., 1997; Teoh et al., 1999).

Although there is a lot of evidence to suggest that estrogens

may reduce arrhythmias indirectly, for example, by reducing

the severity of ischaemia as a consequence of vasodilation,

the possibility of direct antiarrhythmic actions on cardiac

myocytes cannot be excluded. Acute administration of 17b-

estradiol reduced the slow inward Ca2þ current in guinea-

pig isolated cardiac myocytes (Jiang et al., 1992) although

this study only examined concentrations of 17b-estradiol far

in excess of those that occur endogenously.
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Ca2þ channel blockers have antiarrhythmic activity

during acute myocardial ischaemia (Coker and Parratt,

1983; Curtis and Walker, 1988). Ischaemic damage can

partially depolarize ventricular cells, thus inactivating the

fast Naþ current, which results in the cells becoming

dependent on L-type calcium current (ICaL) for the upstroke

of their action potential. These cells may then act as ectopic

pacemakers. Reduction of ICaL can prevent this abnormal

automaticity (Waldo and Wit, 1993).

The first aim was therefore to examine whether acute

administration of 17b-estradiol had antiarrhythmic activity

in an established rat model of coronary artery occlusion and

to measure the serum concentrations of 17b-estradiol. The

second aim was to determine if a range of concentrations of

17b-estradiol had any actions on ICaL in single ventricular

myocytes.

Methods

In vivo experiments

Animal preparation. Experiments were conducted in either

male or female Wistar rats (Charles River, Margate, UK)

within the weight range of 250–350 g. Animals were housed

in rooms maintained at 201C on a 12 h light/dark cycle with

food and water available ad libitum. Rats were anaesthetized

with sodium pentobarbital 60 mg kg�1, i.p., and prepared for

coronary artery occlusion using the methods described

previously (Clark et al., 1980; Barnes and Coker, 1995). All

experiments were performed in accordance with the UK

Animals (Scientific Procedures) Act 1986; under the author-

ity of Project Licence number PPL 40/1702.

Briefly, the trachea, the carotid artery and the left femoral

vein were cannulated to permit artificial ventilation, record-

ing of arterial blood pressure and infusion of drug or vehicle,

respectively. Needle electrodes were inserted so that a lead I

ECG could be recorded. The arterial cannula was attached to

a Bell and Howell Type 4-422 pressure transducer. The ECG

and arterial blood pressure were recorded via Lectromed

5340 and 5240 preamplifiers connected to a Biopac MP30

data acquisition and analysis system or via Gould 6615–65

and 6615–30 amplifiers connected to a Po-Ne-Mah P3 data

acquisition and analysis system. Body temperature was

maintained at 38711C by means of a heated table and

a rectal thermometer. A left thoracotomy was performed,

at which point the rats were artificially ventilated with room

air at a rate of 54 strokes min�1 and a stroke volume of 10–

15 ml kg�1 to maintain arterial PO2 above 70 mm Hg. An

incision was made in the pericardium to expose the heart

and a fine silk ligature (6/0) attached to a 10 mm

reverse cutting needle (Mersilk W812, Ethicon Ltd.,

Livingston, UK) was placed around the left anterior

descending coronary artery close to its origin. A 10 min

stabilization period followed, during which time arterial

blood gases were measured and the ventilation volume

adjusted if required.

Infusion protocol and coronary artery occlusion. Four separate

studies were carried out. In each study, rats were assigned

randomly to one of four groups (n¼12 per group) which

received either vehicle (2% ethanol in saline) or one of three

different doses of 17b-estradiol administered as an intra-

venous bolus dose (0.33 ml kg�1) followed by a continuous

infusion at a rate of 0.01 ml min�1. In the first study,

male rats received either 30 ng kg�1þ3 ng kg�1 min�1,

100 ng kg�1þ10 ng kg�1 min�1 or 300 ng kg�1þ 30 ng kg�1

min�1 17b-estradiol and in the second study the same doses

were given to female rats. These doses were chosen with the

aim of achieving serum concentrations of 17b-estradiol that

would be approximately one, three and 10 times those found

in female rats. The third and fourth studies looked at the

effects of 300 ng kg�1þ30 ng kg�1 min�1, 1000 ng kg�1þ
100 ng kg�1 min�1 or 3000 ng kg�1þ300 ng kg�1 min�1 17b-

estradiol in female and male rats, respectively. After 10 min

of drug or vehicle infusion, the ligature was tied to occlude

the coronary artery, resulting in regional myocardial ischae-

mia. Data were recorded for a further 25 min. The data from

studies 1 and 4 (males) and 2 and 3 (females) have been

combined resulting in n¼24 for the groups that received

vehicle or the middle dose of 17b-estradiol with n¼12 for

each of the other four doses of 17b-estradiol.

A 5 ml blood sample was collected at the end of each

experiment, allowed to clot, then centrifuged for 10 min

(MSE Centaur 2, London, UK, 3800 r.p.m.). The serum was

collected and stored at �201C until the time of analysis. 17b-

Estradiol concentrations were determined using a double

antibody estradiol radioimmunoassay kit (KE2D, Diagnostic

Products Corporation, Llanberis, North Wales, UK). Inter-

assay precision was o5% throughout the range of the assay.

Arrhythmia analysis and definition. The arrhythmias that

occurred during the first 25 min of myocardial ischaemia

were classified in accordance with the Lambeth Conventions

(Walker et al., 1988). In all animals surviving 25 min of

myocardial ischaemia the total number of ventricular

premature beats (VPBs) occurring as singles, bigeminy and

salvos, and those occurring as ventricular tachycardia (VT –

defined as four or more VPBs) were counted. The incidences

of VT, self-terminating VF and mortality, due to VF sustained

for at least 3 min, were recorded.

Experiments were terminated and excluded from data

analysis if any of the following occurred: arrhythmias before

coronary artery occlusion; no evidence of ECG changes

indicative of ischaemia after occlusion, that is no changes in

ST segment or R wave amplitude, or arrhythmias; mean

arterial blood pressure o60 mm Hg before drug/vehicle

administration; heart failure during the first 5 min of

ischaemia; blood gases outside of normal limits, that is

PCO2 25–35 mm Hg and PO2 no less than 70 mm Hg. All

animals that were excluded were replaced immediately.

In vitro experiments

Isolation of ventricular cardiac myocytes. Ventricular myo-

cytes from male or female Wistar rats (250–340 g, Charles

River, Margate, UK) were isolated by enzymatic digestion.

The methods used for cell isolation have been described

previously by Frampton et al. (1991). In brief, Wistar rats

were killed by stunning followed by cervical dislocation. The

heart was removed and Langendorff-perfused for 2–3 min
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with HEPES-buffered physiological Tyrode solution contain-

ing 750 mM Ca2þ (see below for composition), followed by

perfusion with Ca2þ -free HEPES-buffered physiological Tyr-

ode solution supplemented with 0.1 mM EGTA for 5 min.

Finally, the heart was perfused for 7–8 min with HEPES-

buffered physiological Tyrode solution containing collage-

nase (0.8–0.9 mg ml�1; Worthington Type I, Lorne Labora-

tories, Reading, UK) and protease (0.05 mg ml�1; Type XIV,

Sigma, Poole, UK). The left ventricle was removed, opened

and gently agitated while being gassed with 100% O2 at 371C

in the enzyme solution supplemented with 1% bovine serum

albumin (Sigma). Myocytes were harvested by filtering the

digest through a piece of fine muslin gauze at 5 min intervals

over a period of 25 min, so that a total of five batches of

myocytes were obtained from each isolation. Myocytes

were collected by centrifugation of the filtrate for 40 s

at 400 r.p.m., then resuspended in 750 mM Ca2þ solution,

transferred to Petri dishes and stored at 4711C until use,

usually within 6–8 h of isolation. Only myocytes that had a

well-defined rectangular shape and showed clear cross-

striations were used for recording ionic currents. All experi-

ments were carried out at 35711C.

Electrophysiological recordings. Patch-clamp experiments

were performed in the conventional whole-cell configura-

tion. Patch pipettes were pulled from filamented borosilicate

glass capillaries (type GC150TF-15, Harvard Apparatus) using

a microelectrode puller (PP-830, Narishige International Ltd,

London, UK). Pipettes were fire polished using a Microforge

(MF830, Narishige International Ltd.) to give a resistance of

3–5 MO when filled with the internal pipette solution (see

solutions and drugs section for composition). Myocytes were

layered and allowed to settle on to a coverslip, which formed

the base of the heated perfusion chamber situated on the

stage of an inverted microscope (Diaphot, Nikon, Kingston,

UK). Cells were superfused with external physiological salt

solution at a flow rate of 1–2 ml min�1 under gravity.

Membrane currents were recorded using the Axopatch 200

patch clamp amplifier (Axon Instruments, Foster, CA, USA).

Analogue signals (current and voltage) were digitised by an

A/D converter (TL-1 direct memory access (DMA) interface,

Axon Instruments) and stored on-line to a computer hard

disk for subsequent off-line analysis using pCLAMP 8.1,

clampfit software (Axon Instruments). Voltage clamp proto-

cols were applied using the pCLAMP 6.0 software (Axon

Instruments).

Experimental protocols. ICaL measurements were elicited in

voltage clamp mode. Cells were held at �40 mV to inactivate

the rapid inward Naþ current. Membrane currents were

acquired at 5 kHz and cells were stimulated at 0.5 Hz. To

record ICaL, a depolarization step to þ10 mV (peak Ca2þ

currents are elicited between 0 and þ10 mV) was applied for

300 ms before returning to the holding potential of �40 mV

(Figure 1a). To obtain data for the current–voltage (IV)

relationship, cells were depolarised from �40 to þ80 mV in

steps of 10 mV increments for 700 ms (Figure 1b).

The following concentrations of 17b-estradiol were tested,

in male rat myocytes 0.1, 1, 10, 30 or 100 mM 17b-estradiol,

and in female rat myocytes 0.001, 0.01, 0.1, 1, 10, 30 or

100 mM 17b-estradiol. Vehicle (0.2% ethanol in external

physiological salt solution) was applied to cells and left for

3 min after which time the peak ICaL and the IV relationship

for ICaL were recorded. A concentration of 17b-estradiol was

then applied to the cell and left for 3 min after which time

the peak ICaL and the IV relationship for ICaL in the presence

of 17b-estradiol were recorded. The solution was finally

reverted back to vehicle alone and after a further 3 min

washout values were recorded.

Experiments were conducted until nX9 cells, per concen-

tration of drug, for both male and female rat myocytes had

been achieved. Only one concentration of drug or vehicle

was tested per cell and myocytes from at least three rats were

nA

-2

-1

0

1

2

10 ms

-40 mV

+10 mV

-1

0

1

2

3

100 ms

nA

-40 mV

+80 mV

b

a

Figure 1 The square wave pulse protocols used to elicit (a) ICaL at
þ10 mV and (b) current–voltage curves for ICaL. The lower traces
in (a) and (b) show the corresponding current recordings.
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used to acquire data for each drug concentration. Concen-

trations of 10 and 30 mM were examined first, as these had

been reported to be effective previously in guinea-pig

myocytes (Jiang et al., 1992) then further concentrations

were examined to explore the full concentration–response

relationship.

Experimental analysis. Measurements of the ICaL were made

by placement of on screen cursors at the peak of the elicited

current and at the end of the current during the pulse. Peak

minus the end current was obtained by setting the current

at the end of the pulse to zero. Data were normalized for cell

capacitance and expressed as pA/pF.

Drugs. 17b-Estradiol (Sigma, Poole, UK) was dissolved in

100% ethanol (BDH, Poole, UK) and diluted down with 0.9%

w/v NaCl solution so that the final percentage of ethanol

injected into the animal did not exceed 2% in the in vivo

studies. For the in vitro experiments a 10 mM stock solution of

17b-estradiol was made up in 20% ethanol and external

physiological salt solution. This was then diluted down so

that the final percentage of ethanol in the external solution

did not exceed 0.2%.

Electrophysiology solutions. All the following chemical con-

centrations are in millimolar unless stated otherwise. The

HEPES-buffered Tyrode solution was prepared fresh each day

and contained NaCl 130; KCl 5.4; MgCl2 1.4; NaH2PO4 0.4;

creatine 10; taurine 20; glucose 10; HEPES 10; CaCl2 0.75 and

titrated to pH 7.3 with 1 M NaOH. The Ca2þ -free solution

contained no added calcium and 0.1 mM EGTA. The enzyme

solution contained 50 mM CaCl2 plus collagenase (0.8–

0.9 mg ml�1; Worthington, Reading, UK) and protease

(0.05 mg ml�1; Sigma). The external physiological salt solu-

tion was composed of NaCl 140; KCl 5.4; MgCl2 1, CaCl2 1;

glucose 10; HEPES 10 and titrated to pH 7.35 with 1 M TEA

OH. The internal pipette solution contained KCl 20; Cs

glutamate 120 (prepared from equimolar L-glutamic acid and

CsOH); MgCl2 5; Na2ATP 5; EGTA 1, HEPES 10 and titrated

to pH 7.25 with CsOH.

Statistical analysis. Where appropriate, values are expressed

as mean7standard error (s.e.) mean of n observations. All

data were tested for normal distribution using Shapiro-Wilk

tests. For data that were not distributed normally, nonpara-

metric tests were used. Between group differences in

haemodynamics, blood gas values, 17b-estradiol concentra-

tions and the number of VPBs were compared by Kruskal

Wallis tests. Fisher’s exact test was used to compare

incidences of VT, VF and mortality between groups. The

Mann–Whitney U test was used to compare 17b-estradiol

concentrations between male and female rats. For data that

were distributed normally parametric tests were used. Pre-

and postdrug comparisons measured in the same cells for the

peak ICaL and IV relationship data were compared using

Student’s 2-tailed paired t-test. The percentage changes in

the peak ICaL between different concentrations of drug were

compared with one-way ANOVA using Dunnett’s method for

multiple comparisons with a control group. Comparisons

between male and female data were made using Student’s

2-tailed unpaired t-test. A probability value of Po0.05 was

considered to be statistically significant.

Results

Effects of 17b-estradiol on ischaemia-induced arrhythmias

The induction of acute myocardial ischaemia by coronary

artery occlusion, in vehicle group rats, resulted in the

occurrence of arrhythmias, which varied in severity from

single VPBs to lethal VF. The onset of arrhythmias occurred

between 4 and 8 min postocclusion and arrhythmias per-

sisted for up to 15 min. After 20 min normal sinus rhythm

returned and remained in all animals surviving the 25 min

period of myocardial ischaemia.

Administration of 17b-estradiol reduced the total number

of VPBs in a dose-dependent manner (Figure 2). This

effect was greater in female rats where doses of

300 ng kg�1þ30 ng kg�1 min�1 and above significantly re-

duced the total number of VPBs. A significant effect on the

total number of VPBs was not observed in male rats until

a dose of 3000 ng kg�1þ300 ng kg�1 min�1 was used. 17b-

Estradiol suppressed the VPBs that occurred as singles,

bigeminy or salvos to a similar extent to those that occurred

as VT. For both of these subcategories, significant effects were

seen in female rats with doses of 300 ng kg�1þ
30 ng kg�1 min�1 and above whereas in male rats only the

highest dose of 17b-estradiol had significant effects.

Figure 3 illustrates the effects of 17b-estradiol on the

incidences of VT, VF and mortality due to sustained VF in

male and female rats. Again, the data from female rats clearly

showed significant dose dependent reductions in the

incidences of VT and VF at doses above 300 ng kg�1þ
30 ng kg�1 min�1 17b-estradiol. Doses of 1000 ng kg�1þ
100 ng kg�1 min�1 and above eradicated VF completely. No

mortality was observed in any of the female rats used in this

study. The data from male rats showed that 17b-estradiol

exerted no effect on the incidence of VT, however, the

incidence of VF was significantly reduced with the highest

dose of 17b-estradiol. Mortality was absent only in male rats

that received the two highest doses of 17b-estradiol, how-

ever, this was not significantly different from the vehicle

group. There was a statistically significant increase in

mortality in the group that received the second dose of

17b-estradiol, compared to the vehicle group, but the

biological significance of this finding is not clear. Overall,

the male data show a 10-fold difference in the dose of

17b-estradiol needed to exert a significant reduction in the

number of VPBs and the incidence of VF, compared to

female data.

No significant effects of 17b-estradiol were observed on

heart rate, systolic, diastolic, or mean arterial blood pres-

sures, blood gas data or pH values in rats receiving hormone

compared to vehicle-treated rats of either sex. Mean arterial

blood pressure data are detailed in Table 1. Baseline heart

rates were 40078 and 408710 beats min�1 in female and

male vehicle group rats, respectively. Similar heart rates were

recorded in the other groups and no significant changes

occurred during the course of the experiments. PCO2, PO2

and pH values were 28.970.6 mm Hg, 86.472.0 mm Hg and
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7.4870.01 U for the female vehicle group. Male data were

very similar to the female data and values did not change

significantly during the experiments.

17b-Estradiol measurements

In both sexes, increasing the dose of 17b-estradiol dose-

dependently increased the serum concentrations of 17b-

estradiol (Figure 4). In female rats, all concentrations were

significantly higher than the vehicle group, whereas in males

only doses above 300 ng kg�1þ30 ng kg�1 min�1 increased

the serum concentrations significantly compared to vehicle.

There were strong correlations between the mean number

of VPBs in each group and the measured mean serum

17b-estradiol concentrations, plotted on logarithmic scales

(Figure 5). This graph also revealed a significant difference in

the slopes of the regression lines.

In vitro experiments

In total, 75 cells from 22 female rats and 67 cells from 17

male rats were used in this study. The mean weight of the

female rats was 28474 g and that of the male rats 29474 g.

The mean series resistance for females and males was

9.370.5 and 10.570.5 MO, respectively, and the mean cell

capacitance was 17174.6 pF in females and 18074.5 pF

in males.

In this study, it was observed that the vehicle (0.2%

ethanol) had no effect in either sex on the ICaL elicited

at þ10 mV (in males �6.8470.66 pA/pF in external phy-

siological salt solution vs –6.8170.69 pA/pF in vehicle; in

females, �5.0271.05 pA/pF in external physiological salt

solution vs �4.7170.75 pA/pF in vehicle). The IV relation-

ship was not altered by the vehicle. The baseline ICaL at

þ10 mV was significantly lower in females compared to

males (P¼0.001), indicating the possibility that the ICaL

density could be lower in female rats.

Effects of 17b-estradiol on ICaL and IV relationship in myocytes

from female and male rats

In the experiments carried out in female ventricular

myocytes, concentrations of 0.1 mM. 17b-Estradiol and above

had a pronounced, and significant, concentration-depen-

dent inhibitory effect on the ICaL elicited at þ10 mV

(Figure 6). The inhibitory effect reached a plateau at 10 mM

17b-estradiol, so that the maximum inhibition recorded at

30 mM 17b-estradiol was 4875%. In male ventricular myo-

cytes, concentrations above 10 mM 17b-estradiol significantly

inhibited the amplitude of ICaL at þ10 mV (Figure 6). ICaL

was decreased by 17b-estradiol, again, in a concentration-

dependent manner. This effect reached a plateau between 30

and 100mM, so that the maximum percentage inhibition

observed was 2874% at 100mM 17b-estradiol in myocytes

from male rats.

When the percentage inhibition of ICaL at þ10 mV was

compared between male and female myocytes it was evident

that at all concentrations of 17b-estradiol the percentage

inhibition was greater in female than male myocytes

(Figure 6). The degree of inhibition of the peak ICaL did not

reach 100% in either sex. Virtually no inhibition of the peak

ICaL was observed with 0.1 mM 17b-estradiol in male myocytes

whereas a significant inhibition of 2676% was recorded in

female myocytes. The concentrations of 17b-estradiol that

produced a 50% reduction of the maximum effect of the

hormone exerted in either sex on ICaL at þ10 mV (EC50

values) were 0.66 mM in male myocytes and 0.06 mM in female

myocytes. Thus, there was a 10-fold difference in the

concentration of 17b-estradiol, needed to reduce the ICaL

by 50%, between male and female myocytes.

In myocytes from male rats, at concentrations above 1mM,

17b-estradiol produced a concentration-dependent reduc-

tion of the IV relationship without altering the typical bell

shape of the IV curve for ICaL obtained in the presence

of vehicle alone. The lower concentration of 0.1 mM

To
ta

l N
um

be
r 

of
 V

P
B

s

1

10

100

1000

10000

Vehicle
30 + 3 
100 + 10

To
ta

l n
um

be
r 

of
 V

P
B

s

1

10

100

1000

10000

300 + 30
1000 + 100
3000 + 300

b  Male

a  Female

** * ***

**

Figure 2 The effects of vehicle and five doses of 17b-estradiol
(expressed as bolus dose in ng kg�1þ infusion rate in ng kg�1 min�1)
on the total number of ventricular premature beats (VPBs) in each
individual anaesthetized (a) female and (b) male rat which survived
the 25 min period of myocardial ischaemia. *Po0.05, **Po0.01,
***Po0.001, compared to vehicle, Kruskal Wallis test.
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17b-estradiol exerted no effect on the IV curve in male

myocytes (Figure 7). The averaged reversal potential,

obtained from the male vehicle data was 60.570.6 mV.

17b-Estradiol also produced a concentration-dependent

reduction of the IV relationship in myocytes from female

rats but the effect was greater. A significant reduction in
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Table 1 Mean7s.e. mean values of mean arterial blood pressure
(mm Hg) for male and female rats

Time in min pre/postocclusion

n �11 �9 �1 1 5 25

Females
Vehicle 24 8274 7674 8974 6572 7074 7275
30þ3 12 8076 7375 9376 6274 5775 6675
100þ10 12 7575 6975 8576 6075 6275 8677
300þ30 24 8174 7674 8874 6873 7475 7575
1000þ100 12 7875 7575 8476 6475 7077 7278
3000þ300 12 7877 7576 8476 6474 7076 6776

Males
Vehicle 24 8374 7673 8874 7173 7574 8375
30þ3 12 8676 7575 8775 6973 6876 7676
100þ10 12 8476 7676 8875 6974 6775 8379
300þ30 24 8674 7874 9474 7373 7676 9074
1000þ100 12 8175 7775 8875 7774 8175 8876
3000þ300 12 8574 8074 9674 7873 8674 8776

Values after 25 min of ischemia are in surviving animals only. Doses are

expressed as bolusþ infusion in ng kg�1þng kg�1 min–1.
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current amplitude was achieved at concentrations above

0.01 mM 17b-estradiol and a significant reduction in the IV

curve was observed over the voltage range of 0 to þ60 mV

with 0.1 mM 17b-estradiol (Figure 7). The averaged reversal

potential, obtained from the female vehicle data was

60.470.9 mV. The maximum current density was recorded

at 0 mV in all groups. The observed effects of 17b-estradiol

on ICaL in both male and female myocytes are considered to

be true effects of the hormone as the inhibitory effect of the

sex hormone was reversed after a 3 min washout period with

vehicle.

Discussion

This is the first report of the effects of acute administration of

a wide range of doses of 17b-estradiol in both male and

female animals on ischaemia-induced arrhythmias, with

parallel concentration–response studies on ICaL in vitro. The

major findings from these studies are that 17b-estradiol had

antiarrhythmic activity and reduced ICaL. Approximately 10-

fold less hormone was required to produce these effects in

female rats than in male rats. These actions of 17b-estradiol

were dose-dependent and occurred rapidly, within minutes,

both in vitro and in vivo.

Antiarrhythmic activity of 17b-estradiol

The antiarrhythmic activity was particularly prominent in

female rats, with the three highest doses of 17b-estradiol all
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significantly reducing the numbers of VPBs and the

incidence of the potentially life-threatening arrhythmias,

VT and VF. In fact, VF was abolished completely by the two

highest doses of 17b-estradiol and there was no mortality

due to sustained VF in any of the female rats. This contrasts

with the findings in male rats, where only the highest dose

of 17b-estradiol significantly reduced VF and some rats in the

control and lower dose groups died because of sustained VF.

Previously, it has been shown that a single intravenous

dose of 100 mg of conjugated equine estrogens (McHugh

et al., 1995) or intracoronary infusion of 17b-estradiol (Node

et al., 1997) reduced ischaemia-induced arrhythmias in

anaesthetized dogs. Another study in anaesthetized dogs

suggested that a bolus dose of 10 mg kg�1 of 17b-estradiol

resulted in a trend of more animals surviving ischaemia and

reperfusion, but it is difficult to interpret the effects on

arrhythmias in this study as animals with intractable VF were

excluded from the analysis (Lee et al., 2000). Other work has

focused on the effects of estrogens on reperfusion-induced

arrhythmias rather than those observed during ischaemia

(Node et al., 1997; McHugh et al., 1998; Tsai et al., 2002). Our

studies in anaesthetized rats clearly show a dose-dependent

antiarrhythmic effect of 17b-estradiol during acute myocar-

dial ischaemia in anaesthetized rats.

Initially two separate studies were carried out with the

three lower doses of 17b-estradiol in female and male rats.

Statistical analysis of the data from these experiments, where

there were 12 rats in each group, showed no significant effect

of 17b-estradiol on either the number or severity of

ischaemia-induced arrhythmias. However, the apparent

effects of the highest dose of 17b-estradiol in the female rats

only just failed to reach statistical significance. Power

calculations suggested that the observed effects would be

significant if n was X19. It was therefore decided that two

further randomized studies should be performed in which

the control group and the highest dose of 17b-estradiol

examined previously (300 ng kg�1þ30 ng kg�1 min�1) were

repeated and two additional higher doses of 17b-estradiol

were included. This second pair of studies showed clearly

that all three of the higher doses of 17b-estradiol had

significant antiarrhythmic activity in female rats. When the

data were combined (see Figures 2 and 3) a significant effect

of the highest dose of 17b-estradiol in male rats was also

revealed.

Concentrations of 17b-estradiol

Although the concentrations that caused significant Ca2þ

channel blockade in vitro (100 nM in female cells) were not

identical to those measured in serum at the end of the in vivo

experiments (B1 nM in female rats) there are very good

parallels between the in vivo and in vitro experiments. The

EC50 for 17b-estradiol to reduce ICaL was 10-fold lower in

cells from female rats (0.06 mM) than in cells from male rats

(0.66 mM). Similarly, in vivo, significant antiarrhythmic

activity was achieved with a 10-fold lower dose of 17b-

estradiol in female rats than in male rats. It should be noted

that the serum measurements of 17b-estradiol may not

actually reflect the concentration of 17b-estradiol in the

heart at the onset time of the arrhythmic episode. Previously,

it has been reported that 17b-estradiol concentrations in the

heart and other tissues were consistently higher than plasma

concentrations after intravenous administration (Schleicher

et al., 1998). Also, the blood samples were taken at the end of

the experiments rather than at the time of peak arrhythmic

activity. Perhaps most relevant of all is the observation

that isoproterenol-stimulated ICaL in guinea-pig ventricular

myocytes was much more susceptible to inhibition by

17b-estradiol than basal ICaL, with 1 nM 17b-estradiol having

an effect on the isoproterenol-stimulated current (Meyer

et al., 1998). In our in vivo experiments the hearts of the

anaesthetized rats would have been subject to a certain

degree of sympathetic tone whereas in vitro any influence of

circulating catecholamines would have been removed by the

cell isolation procedure. Thus, 17b-estradiol would have

greater calcium channel blocking activity in vivo. These

factors may explain the discrepancy between 17b-estradiol

concentrations measured in vivo and those required to

produce significant effects in vitro.

Sex differences in the action of 17b-estradiol

It was originally thought that the reason for the gender

difference in the dose of 17b-estradiol required to exert an

antiarrhythmic action in rats could be due to the fact that

the female rats used in this study had their ovaries left intact.

Thus, any treatment with 17b-estradiol would be supple-

mentary to the naturally occurring 17b-estradiol already

present in the female rat. However, the data presented in

Figure 4 showed clearly that there was no significant

difference in the serum 17b-estradiol concentrations

between male and female control rats. This finding is in

agreement with a previous report that plasma concentrations

of 17b-estradiol were similar in male rats and female rats in

di-oestrous (Shaw et al., 2001). Although serum 17b-estradiol

concentrations were higher in female rats than in male rats

after administration of two of the doses of 17b-estradiol,

no differences between males and females were seen in the

other four groups. It is therefore unlikely that the greater

antiarrhythmic activity in female rats than in male rats was

due to higher concentrations of 17b-estradiol and suggests

that the effectiveness of 17b-estradiol differs between the

sexes. The difference in the slopes of the regression lines for

the correlations between the numbers of VPBs and the serum

concentrations of 17b-estradiol (see Figure 5) supports this

conclusion.

Comparison of the baseline data from all the cells used for

the in vitro experiments revealed that the density of ICaL was

lower in cells from female rats than in those from males. It is

therefore possible that the inhibitory effect of 17b-estradiol

was greater in the female cells because the current density

was already lower. However, 17b-estradiol did not inhibit ICaL

completely in either male or female cells, with the maximum

effect being approximately 50% inhibition of the current in

myocytes from female rats. As the effect reached a plateau

before all the channels were affected it seems unlikely that

the difference in ICaL density between male and female

myocytes can account for the greater effect of 17b-estradiol

in females.
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In previous work on the action of 17b-estradiol on ICaL

in cardiac myocytes, only cells from male guinea pigs were

studied (Jiang et al., 1992) or the inhibition of the current

was reported to be independent of sex (Meyer et al., 1998).

However, Ca2þ entry into vascular smooth muscle cells was

inhibited by 17b-estradiol to a much greater extent in cells

from female rats than in those from male rats (Crews and

Khalil, 1999). In addition, 17b-estradiol had a greater effect

on calcium channel-dependent vasodilation in female rat

hearts than in male rat hearts (Hugel et al., 1999).

Mechanism of action

The rapidity of the effects of 17b-estradiol on ICaL and on

ischaemia-induced arrhythmias indicates that these actions

are unlikely to be mediated via interaction with classical

intracellular estrogen receptors (ERa or ERb). The present

study was not designed to investigate whether 17b-estradiol

interacts directly with L-type Ca2þ channels or via some

other estrogen ‘receptor’ located on the plasma membrane

which may act through a number of signal transduction

pathways (Nadal et al., 2000, 2001; Kelly and Levin, 2001).

Estrogens have many actions that could influence ar-

rhythmias induced by myocardial ischaemia. For example,

the vasodilator action of 17b-estradiol has been well

documented (Kitazawa et al., 1997; Teoh et al., 1999) but

the lack of effect on arterial blood pressure in the present

study (see Table 1) suggests that this is unlikely to be of

relevance here. The present data do indicate, however, that

blockade of L-type Ca2þ channels by 17b-estradiol could

account for the observed antiarrhythmic actions. Ca2þ

channels blockers have been shown to be antiarrhythmic

in models of myocardial ischaemia (Coker and Parratt, 1983;

Curtis and Walker, 1988) including the anaesthetized rat

(Curtis et al., 1984).

Limitations of the studies

In the above experiments, we have only examined the effects

of acute administration of pharmacological doses of 17b-

estradiol to intact rats. Further studies on the effects of

chronic administration of estradiol to ovariectomized female

rats are necessary to determine whether physiological

concentrations of estradiol have similar actions. Although

clear effects on ICaL were seen, estradiol may also have

actions on other ion channels that could influence ischae-

mia-induced arrhythmias. Effects on the delayed rectifier Kþ

current (IKr) are unlikely to be relevant as rats do not express

functional IKr and IKr blockers do not alter ischaemia-

induced arrhythmias in rats (Rees and Curtis, 1993) but

actions on other ionic currents cannot be excluded.

Conclusions

The experiments described above demonstrate clearly that

17b-estradiol has dose-dependent antiarrhythmic actions in

anaesthetized rats subject to coronary artery occlusion, with

greater efficacy in females than in males. Complementary

studies in isolated ventricular myocytes indicate that gender-

selective, concentration-dependent inhibition of ICaL is

sufficient to account for the reduction in ischaemia-induced

arrhythmias.
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