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INTRODUCTION

Foreword

Most scientific research is done in order to investigate very speci

fic questions dealing with very fundamental processes. Often, however,

the scientist has been brought to his specific question by a very general

or gross observation. Such was the case with this research project, the

gross observation here being that cardiac output increases during pregnancy.

Results from the most recent studies of this phenomenon indicate that

the increase probably begins very early in pregnancy, as changes have been

noted at 8 weeks. The maximum, a change of 30% to 60% above non-pregnant

levels, is apparently reached around the end of the first trimester, and

is then maintained until term (Kerr, 1968).

There are many direct and indirect determinants of cardiac output,

and alterations in most have been cited to account for this striking in

crease in CO during pregnancy. Most of these alterations, if they exist

at all, seemingly influence the changes very little (Table 1). Several

authors (Palmer and Walker, 1949; Ueland and Parer, 1966; Lees et al.,

1967; Kerr, 1968) have made the suggestion that ovarian and/or placental

steroids may be responsible for the changes, and so far no evidence to the

contrary has been offered. One particularly favorable argument for this

is that, of the possible factors contributing to an increase in CO, the

onset of increases in the levels of both estrogen and progesterone is the

only one seemingly coincidental with the early changes in cardiac output

(see Graph 1). These reproductive steroids have been shown to have a

variety of general and specific effects on the cardiovascular system in





humans as well as in laboratory animals. They have been investigated for

systemic actions in hemodynamic and EKG studies and for more specific ef

fects on protein content, and electrical and mechanical properties of the

heart itself. Possible specific effects of chronic treatment with these

steroids have been studied so far, however, only for the uterus and peri

pheral vasculature.

The present study involved investigation of steroid-pretreatment ef

fects on cardiac muscle. The general hypothesis was that one or both of

the hormones, estradiol and progesterone, could induce a physical change

in the myocardium; this alteration might be of a semi-permanent nature,

affecting contractile activity of the muscle even in the absence of direct

contact with the hormone. The specific hypothesis was that either steroid

might potentiate cardiac contractile responses to the sympathetic nervous

system or to circulating catecholamines. I chose to study peak developed

tension in papillary muscles of estradiol- or progesterone-pretreated

animals (rabbits) in response to graded doses of the catecholamines, nor

epinephrine and isoproterenol. This method was chosen over other ways of

assessing contractility: force-velocity relationships or measurement of

other isometric tension development parameters (rate of tension develop

ment, time to peak tension) because of the relative simplicity of the

set-up and the ready availability of the equipment.

In investigating the means by which estradiol or progesterone might

affect myocardial contractility, it was hoped that some light might be

shed on the mechanisms for the general observation that cardiac output

increases during pregnancy.



TABLEI:
PossibleExplanations
for IncreasedCardiacOutputin

Pregnancy
1.
Increasedheartrate 2.

Increasingrequirements
of

thefetus
3.
Maternalmetabolicchanges

4.
Maternalbloodvolume changes

5.Theplacentaactsasa

modifiedA-Wfistula
6.
Hormonesactdirectly
on

theheartto
increase contractility

Comments Couldaccountfortheincrease
inC0sinceHRXSW=C0, however,mostdataindicatethatthereisatmost

a
10%increase
inheartrateduringpregnancy.This alonecouldnotaccountforthe30-60%riseinC0. Theincrease

inC0takesplacewellbeforethefetus beginstomakedemands
onthematernalcirculation;

italsoexceedsfetaldemandsevenattheirgreatest (Leesetal.,1967) Maternalmetabolicratechangesaresmall(about+10%), andthereisa
definitefallin
pulmonaryarterio venous02

difference(Kerr,1968) Hypervolemiadoesdevelopduringpregnancy,butthe timecourseofits
developmentdoesnotparallelthe changes

inC0;in
addition,thereisgoodevidence thatthecapacity

ofthe
vasculatureincreases
to #;"fortheincrease

inbloodvolume(Leesetal., 1967 Originallyproposed
by
Burwell,(1938),thereisno goodevidence

to
supportthishypothesisthatthe placentamaybe

considered
asa

short-circuit;pressure Studiesindicatethatthisisnotso.Evenifit Were,C0is
increasedwellbeforethe

establishment
ofalargeplacentalbloodflow(Leesetal.,1967,and Kerr,1968) No

evidenceagainstthis.
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Literature Review

Estrogen, Progesterone, and the Myometrium

Estrogen and progesterone are known to exert important effects on the

uterus, an organ which, like the heart, is primarily composed of muscular

tissue. The myometrium is dependent to a large extent on the regulatory

actions of estrogen and progesterone, as these hormones are probably re

sponsible for myometrial adaptations between pregnant and non-pregnant

states. Because the existence of these regulatory effects of estrogen

and progesterone on this muscular organ is well-accepted and because the

effects themselves are relatively well-understood, a discussion of estro

gen, progesterone and the myometrium is perhaps the best way to introduce

a review of the effects of these steroids on the cardiovascular system.

Myometrial contractile protein content seems to be under at least

partial control by one of the reproductive steroids, estrogen. Csapo

(1948) showed that actomyosin content and concentration per gram of tissue

in the human uterus increases during pregnancy; he also studied contrac

tion of isolated actomyosin threads and found that threads from pregnant

uteri contracted significantly more strongly than those from non-pregnant

uteri, while contractile response from threads from uteri after x-ray

castration was severely reduced. Several years later (1950), the same

investigator, working with ovariectomized rabbits, showed that estrogen

restored much or all of the total protein, actomyosin, and ATP-ase activ

ity decreased by ovariectomy. He has also investigated isometric tension

of uterine strips (1953); maximum tension in response to electrical stim

ulation decreased for three weeks post-ovariectomy and gradually increased

to normal, non-castrated values during a week of daily estrogen injections.
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Progesterone alone did not have this restorative effect, and estrogen

plus progesterone treatment was no more effective than estrogen alone.

The most widely studied aspect of the effects of these steroids on

the myometrium is their modification of uterine response to nerve stimu

lation and catecholamines. In general, estrogen and progesterone exert

opposing influences on the myometrium, endowing it with "appropriate"

responses to the specific animal's specific neurohormonal and nervous

milieu during pregnant and non-pregnant periods. Estrogen determines the

relatively reactive state in a non-pregnant uterus while progesterone

dominates a pregnant uterus, causing it to be relatively quiescent. To

illustrate these points, two studies, one in the rabbit and the other in

the rat, will be summarized.

Miller and Marshall (1965) investigated the response of rabbit uter

ine muscle to hypogastric nerve stimulation, various catecholamines, and

alpha- and beta-blocking drugs. The animals were pretreated with estro

gen or estrogen plus progesterone. In estrogen-treated animals, uteri

displayed some strong spontaneous contractions, the force of which was

increased by nerve stimulation, norepinephrine and acetylcholine; the

responses to nerve stimulation and norepinephrine were decreased by phen

tolamine (an alpha-blocker) and the acetylcholine responses were abolished

by atropine (a cholinergic blocker). Uteri from animals pretreated with

both estrogen and progesterone displayed more spontaneous activity but

this was decreased by nerve stimulation and norepinephrine; acetylcholine

increased the activity, an effect which again was not seen in the presence

of atropine; propranolol (a beta-adrenergic blocker) abolished the inhi

bition by nerve stimulation and norepinephrine. Uteri from untreated

animals displayed responses similar to those of estrogen-treated uteri



but of lesser magnitude.

Raz et al. (1971) studied the effects of epinephrine on uterine

strips from pretreated rats. This drug caused responses in estrogen-,

progesterone- and estrogen/progesterone-treated uteri similar to those

seen in the above rabbit experiments with morepinephrine and nerve stim

ulation. The control uteri here, however, displayed the opposite reac

tion, showing a transitory decrease in activity. Propranolol used as a

pretreatment with the hormones caused a partial inhibition of the uterine

responses to epinephrine in the progesterone- and estrogen/progesterone

treated rats.

It is apparent that estrogen and progesterone must influence the

so-called "alpha- and beta-adrenergic receptor" balance in some way.

Recently there has been quite a lot of interest in the possibility

that the two steroids exert their regulatory actions by influencing myo

metrial electrolyte balances. It has been shown for rats and cats that

the non-pregnant state is characterized by a relatively low membrane rest

ing potential in the myometrium, while in pregnancy, the resting potential

in increased (the inside of the cell becoming more negative relative to

the outside) (Marshall, 1969). Estrogen and progesterone may influence

the resting potential and myometrial reactivity by determining which ion

permeability change will result from a given adrenergic neurotransmitter.

Marshall (1969) speculated "that (for the rat) activation of the alpha

adrenoreceptors in the myometrium results in a decrease in potassium per

meability and an increase in sodium permeability, thus causing exitation

of the myometrial cells. This action might be particularly obvious at

the end of pregnancy or after estrogen administration when sodium per

meability is beginning to increase. On the other hand, activation of the



beta adrenoreceptors might favor an increase in potassium permeability

or a decrease in sodium permeability, and this action may be most pro

nounced at mid-pregnancy or after progesterone treatment." In the cat,

beta-activation is like that in the rat, but alpha-receptor activation

and uterine contraction seem to involve an increase in chloride permea

bility; and the picture is complicated by the fact that alpha responses

predominate in the pregnant cat while beta responses are found in the

virgin cat (Bulbring, 1968).

The mechanism of steroid regulation of the myometrium is obviously

not simple or well-understood. However, it is apparent that estrogen and

progesterone do influence, to a large extent, the reactivity of the uterus

to adrenergic drugs, and one might easily suppose that other systems and

organs in the body are influenced by these hormones in a similar fashion.

Urinary Tract

Two separate medical observations have lent support to the supposi

tion that estrogen and progesterone do influence at least one other sys

tem. For many years, it has been recognized that dilatation of the ure

ters occurs in a large number of pregnancies; although mechanical causes

may be partially responsible for this phenomenon, it has been concluded

from observations of women taking oral contraceptives (Marshall, 1966)

and from studies on pregnant monkeys from which the fetuses were removed

(Van Wagenen, 1939) that hormones also play a part. The effectiveness

of progesterone in the treatment of benign prostatic obstruction has led

one investigator to suggest that this hormone might affect adrenergic

receptors in the urethra.

Raz et al. (1972) studied the effects of estrogen, progesterone and
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propranolol pretreatment on the reaction to epinephrine of excised rat

ureters. Their results suggested that estrogen facilitates alpha

receptor activity, while progesterone facilitates beta-receptor activity,

and when both hormones are present the progesterone effect dominates.

When epinephrine was added to the ureters from estrogen-treated animals,

the numerous spontaneous contractions increased in frequency; in proges

terone-treated animals, the ureters showed a lowered rate of spontaneous

activity, reduced further by the epinephrine. The responses in control

and combined estrogen/progesterone groups resembled that of the proges

terone alone-treated group. Progesterone, in the doses given, was able

to override the beta-blocking effect of propranolol, except when estrogen

was used with it and caused an additional alpha excitation.

The same group (1973) has also investigated the effects of proges

terone in the urethra of the dog. By studying in vivo intra-urethral

pressure responses to various drugs before and after progesterone treat

ment, they showed that progesterone has the same beta-receptor stimulat

ing action in the urethra as it does in the ureter. Before treatment,

norepinephrine caused an increase in pressure; after treatment, the same

dose of the drug decreased the pressure. After progesterone, isoprotere

nol caused a large decrease in pressure v. s. a minimal depression before.

Responses to phentolamine (alpha-blocker) and propranolol (beta-blocker)

were also consistent with the hypothesis that progesterone somehow facil

itates beta-type activity. It should be noted that progesterone may have

been present in the blood of the test animals while post-treatment studies

were being done.

Peripheral Vasculature

Results from investigations of the effects of the reproductive
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steroids on the peripheral vasculature are unfortunately inconclusive,

and no single action has been studied with intensity. There seems to be

little doubt that estrogen and progesterone can affect veins and arteries

in various ways, but it has yet to be proven that they play much of a

role physiologically.

It has long been known, for example, that pregnancy is accompanied

by a general increase in venous distensibility. McCausland et al. (1961)

demonstrated an increase in the distensibility of finger veins during

pregnancy, and Ginsburg and Duncan (1967) showed that mean blood flow

through the hands and feet increases similarly. The latter investigators

also indicated that the increased distensibility seems to be confined to

the distal portions of the extremities, in spite of the common association

of pregnancy and varicose veins in the leg. Increased venous distensi

bility in the legs may be at least partially explained by mechanical pres

sure exerted by the uterus, but other factors must certainly contribute to

the phenomenon found in other parts of the body. Ginsburg and Duncan also

proposed that the reason for increased distensibility might be decreased

sympathetic vasoconstrictor tone (cause unknown). Others, however, have

shown that estrogens, at least, can affect venous distensibility when

given acutely. This effect has been seen in human leg veins (Goodrich and

Wood, 1966), nail bed capillaries, hands and fingers, in monkey nasal

mucosa (see Lim and Walters, 1970 for review of these last four studies),

and rabbit ear venules and capillaries (Reynolds and Foster, 1940).

The observation that migraine headaches often increase in frequency

during oral contraceptive therapy has led Fozard and Schneiden (1969) to

investigate the possible effects of steroids on vascular reactivity. They

studied drug responses in the ear arteries from rabbits pretreated with

sex steroids (estrogen, progesterone, testosterone, or the synthetic com
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bination found in an oral contraceptive, Anovlar). The only significant

effects were found after progesterone treatment; responses to nerve stim

ulation were depressed while responses to tryptamine and 5-hydroxytryp

tamine were potentiated. Since sensitivity to norepinephrine was un

changed with this pretreatment, the authors postulated that progesterone

was acting to depress sympathetic nerve transmission or transmitter re

lease presynaptically, rather than by depressing smooth muscle reactivity

in the artery.

Kalsner (1969) found that 17-beta-estradiol and progesterone (and

desoxycorticosterone) potentiated contractile responses by rabbit acrtic

strips to various catecholamines when added to the solutions bathing the

strips. The catecholamines used were epinephrine, norepinephrine, tyra

mine, and norde frin; (responses to other, non-catechol amines were poten

tiated inconsistently.) Contractions caused by epinephrine were most

strongly affected. The enhancement by DOC was easily washed out of the

preparation, while those by estradiol and progesterone were still quite

apparent 60 minutes after washout and detectable after 120 minutes. Known

inhibitors of catechol-O-methyl-transferase, one of the mechanisms for the

inactivation of epinephrine and norepinephrine in aortic strips (monoamine

oxidase also inactivates norepinephrine in this system), also potentiated

responses to the catecholamines and abolished the enhancing effects of

the steroids; when the steroids were added first, no further potentiation

was seen upon addition of the COMT-inhibitors. The same effects were

demonstrated when the strips were immersed in mineral oil to prevent dif

fusion of the catecholamines away from the tissue. Kalsner concluded

that the three steroids were able to act as inhibitors of catecholamine

inactivation and thus prolong and potentiate their actions.
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Williams and Hudgins (1973) conducted a study to elaborate further

on Kalsner's findings. They found that progesterone, DOC acetate and a

COMT-inhibitor reduced uptake of “c-morepinephrine by rabbit acrtic rings,

progesterone being the most potent of the three. Hydrocortisone, DOCA and

progesterone were shown to reduce the amount of labeled norepinephrine

metabolites (0-methylated and deaminated) recovered from the aortae, with

out altering recovery of unmetabolized catecholamine. The conclusion was

that the steroids may be inhibiting transmembrane movements of norepine

phrine in this system which are necessary for enzymatic destruction. The

importance of the COMT-inhibitor-like effects of steroids should not be

over-estimated, however, because it is generally accepted that reuptake

into presynaptic nerve endings is the major mechanism of norepinephrine

deactivation.

Heart

Studies of various sorts have been done in order to establish whether

or not reproductive steroids have any direct effects on the cardiovascular

system as a whole, and what the specific mechanisms involved might be.

Perhaps the best way to review the literature on these subjects is to be

gin with the studies on actions of these hormones on intact subjects, and

then to focus in on the many approaches used to elucidate the basic

cellular-level changes responsible.

A. Hemodynamic and EKG studies

The increasingly wide use of oral contraceptives and their seeming

association with an increased occurance of hypertension have led to much

interest in possible hemodynamic changes during oral contraceptive ther

apy. Walters and Lim (1970) reported various changes in cardiovascular
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functions noted within three months' use of a combination synthetic es—

trogen/progesterone preparation; statistically significant increases in

cardiac output (up about 14%), stroke volume, systolic and mean arterial

pressures, and plasma volume were found. A more recent study (Lehtovirta,

1974) found similar increases except in blood pressures within two months.

It is noteworthy that neither investigation indicated a change in heart

rate; a decreased heart rate was reported in one other study (El-Sherif,

et al., 1969). Lehtovirta also investigated effects during treatment with

one or the other of the preparation's components; those women receiving

only the estrogen component showed the same cardiovascular changes (in

creased cardiac output, etc.) after only ten to thirteen days' treatment;

progestogen therapy for the same length of time was associated with none

of those changes.

Ueland and Parer (1966) studied acute hemodynamic effects of conju

gated estrogens in sheep. Cardiac output, mean arterial blood pressure,

heart rate and plasma volume were measured before and at two-hour inter

vals for ten hours after commencing the infusion with Premarin (total in

fusion time, four hours). Significant differences between the estrogen

treated ewes and the control animals were shown for all variables except

plasma volume. Estrogen infusion was associated with increased cardiac

output and heart rate, although neither increase was pronounced until

several hours after the end of the infusion. Mean arterial pressure and

calculated peripheral resistance dropped in treated animals. Estradiol

was infused alone and resulted in increased cardiac output and decreased

peripheral resistance; estriol alone had no effect on any parameter mea

sured. The same animals had been studied previously during pregnancy and

hemodynamic changes were noted at that time which were very similar to
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those seen in this study, the only differences being that pregnant sheep

showed a slightly increased blood volume not seen in infused sheep and a

lower peripheral resistance. The authors discussed briefly the possible

"underlying factors" which might explain the effects of estrogen infusion;

the drop in mean arterial pressure and the cardiac output increase (as a

reflex) could have resulted from vasodilatation; the increased heart rate

probably contributed to the increased cardiac output also, although an

increase in the former does not always accompany the increase in the latter,

as was seen in the estradiol-only-treated ewes; estradiol may have a direct

cardiac glycosidic effect explained by the similarity in structure between

the glycoside digitalis and the sex steroids which could increase contrac

tility and thus cardiac output also.

Thirty years ago, Sherf (1940) reported various electrocardiographic

abnormalities associated with menopause. "In every case the administra

tion of follicular hormone (estrogens) was followed by rapid relief of

symptoms and a return of the electrocardiogram to normal if sufficient

doses (8 days of 1000–2000 IU/day or 3–4 weeks of 10,000–50,000 IU 2–3

times/week) were given." Abnormalities said to be corrected by the hor

mones included tachycardia, RS-T segment and T-wave alterations, and pro

longed atrioventricular conduction time. Prinzmetal et al. (1967), how

ever, showed a lack of effect with Premarin (conjugated estrogens, 40 mg)

on the EKG of the dog, and El-Sherif et al. (1969) found no EKG altera

tions in women taking oral contraceptives. Although a comparison of

these studies is difficult because of the different dosage regimens, it

might be that estrogens, while not affecting normal hearts, do have a

"normalizing" effect on electrically abnormal hearts. Progesterone, on

the other hand, was shown to stimulate the normal dog heart (Nahum et al.,
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1951) lowering slightly the "threshold of excitability", delaying the

reaching of threshold, and causing ventricular extrasystoles when given

in amounts calculated to give blood levels of 400 microgm Z. Wan Arman

and Drill (1958) showed that progesterone (25–50 mg), like estrogen, may

have a normalizing effect on the abnormal heart, being able to reverse

an experimentally-induced atrial "flutter" in the dog.

Another recent investigation (Fozard, 1971) involved the measurement

of cardiovascular responses to catecholamines and to sympathetic nerve

stimulation in the progesterone-pretreated, pithed rat. Progesterone

pretreatment was associated with an increase in the duration of the blood

pressure and heart rate responses to epinephrine "and to that phase of

the response to sympathetic nerve stimulation attributable to amine re

lease from the adrenal medulla." Magnitudes of these responses were not

affected, nor were any of the responses to norepinephrine, tyramine,

5-hydroxytryptamine, or sympathetic nerve terminal transmitter release.

The catechol-0-methyl-transferase inhibitor, pyrogallol, caused similar

increases in duration of responses to epinephrine, norepinephrine, and

sympathetic stimulation; progesterone-pretreatment plus pyrogallol was

associated with a smaller increase than that found in controls plus pyro

gallol. The author concluded that progesterone may have a local effect

like a catechol–0-methyl-transferase inhibitor within the cardiovascular

system. This was the same conclusion arrived at in the previously men

tioned study by Kalsner on rabbit aortic strips. Again, the importance

of progesterone's possible COMT-inhibitory effects should not be overes

timated. In the heart, the major catecholamine deactivation mechanism is

thought to be reuptake. Crout (1961) found only a slight increase in dur

ation of cardiac contractile response to norepinephrine after pyrogallol;
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this increase was potentiated more by a combination of the COMT-inhibitor

and an MAO-inhibitor. De Schaepdryver and Kirshner (1961), in studies on

catecholamine metabolite formation, showed effects which suggested that,

"in the heart, inhibition of either MAO or COMT is largely compensated

for by the activity of the other enzymes capable of metabolizing adrena

line."

B. Studies on cellular-level effects

King et al. (1959) performed several experiments which indicated that

estrogen may affect myocardial protein content and protein contractility

in a manner similar to the way in which it affects uterine musculature.

Wentricular muscle strips and ATP-treated glycerol-extracted myocardial

fibers from ovariectomized rats displayed reduced active tension develop

ment. As in the uterus, this decrease in contractility was associated

with a parallel decrease in ventricular actomyosin content. Unlike the

uterus, total protein did not seem to be affected. And excitability and

refractoriness of the tissue were unchanged after ovariectomy. Wentricular

muscle from operated animals treated with estradiol showed normal tension

production and actomyosin concentration. Along these same lines, Frank

et al. (1970) studied effects of estradiol and 17-hydroxyprogesterone

treatments and ovariectomy on body weight, wet and dry heart weights and

cardiac extracellular fluid in rats. Ovariectomy was the only procedure

associated with a significantly increased body weight, while estrogen

treated animals weighed less than the normal, untreated controls; proges

terone alone and in combination with estrogen had no effect on body weight.

All treatments produced a significant decrease in heart wet weight. Dry

weight, however, was decreased only in ovariectomized and progesterone
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treated groups. The fact that estrogen and combination treatments had no

effect on heart dry weight (representing protein content) correlates well

with King's results above (estrogen restores and maintains ventricular

actomyosin at normal levels). The combination of the two hormones pro

duced an increase in cardiac ECF which may resemble extracellular salt

and fluid retention seen during pregnancy.

There has been much interest through the years in the direct effects

of the sex steroids on the myocardium with respect to inotropic action

and the related electrical phenomena. In the late 1940's and 1950's,

several reports appeared describing the mechanical effects of estrogen

and progesterone on various in vitro preparations. Jequier and Plotka

(1949) seem to have been the first to investigate these effects. They

found that estradiol had a slightly positive inotropic effect on the iso

lated frog heart in low concentration (1077), but at higher concentra

tions (10-6 Or 10-?) both estradiol and progesterone decreased amplitude

of contraction. At these same high concentrations, both diminished

slightly the negative inotropic action of acetylcholine and accentuated

the changes in contractile response produced by potassium excess. How

ever, when the two hormones were added together, exact opposite effects

7-
–6

were seen. 10' estradiol plus 10 progesterone (or the higher concen

trations of each) produced a lasting positive inotropism, greater than

that produced by 10-7 estradiol alone; the combination considerably di

minished the effects of acetylcholine and opposed the response to excess

K*. No other studies have been done on the combined actions of the two

hormones, although they are present together in vivo during pregnancy.

Szent-Gyorgyi (1953) described the effects of these hormones on the

"staircase phenomenon" (treppe) in the isolated frog heart. (The "stair





case" refers to the increased amplitude of contraction with increased rate

of contraction, or to the gradual recovery to maximum amplitude of con

traction after a period of inactivity.) Progesterone was reported to

abolish the staircase while estradiol increased it. These effects are

presumably due to hormonal action on ion fluxes (see below).

Another report (Rubin and Salter, 1952) described effects of these

hormones (principally progesterone) on several in vitro preparations.

Both progesterone (25,50,100,200, and 400 microgm/100ml) and estradiol

(100 microgm/100ml) caused a decrease in the amplitude of contraction in

the cat papillary muscle (increasing amounts of progesterone produced

greater decreases in amplitude); progesterone, however, had no effect on

the change in amplitude of contraction produced by increasing the calcium

concentration, and did not change the magnitudes of the responses to

epinephrine and ouabain. In the guinea pig heart, progesterone (50, 100

and 200 microgm/100 ml) led to a decrease in heart rate and induced irreg

ularities in rate and force of ventricular contraction. Progesterone

(400 microgm/100ml) in the isolated frog heart preparation was associated

with a decrease in amplitude of contraction followed by progressive brady

cardia, ending in diastolic arrest. Estrone sulfate (400 microgm/100ml)

alone had no effect, but upon addition of more estrone sulfate plus pro

gesterone (400 microgm/ml), a decrease in amplitude of contraction was

seen without the decrease in rate. Van Arman and Drill (1958) found sim

ilar effects of progesterone (250 microgm/100ml) alone on the rabbit

heart; however, they noticed a brief increase in amplitude of contraction

before the decrease began upon initial addition of the hormone; after

washing, further additions of progesterone did not elicit this response.

It might be argued that these experiments involved very high and therefore
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toxic doses of estrogen and progesterone, but similar effects may have

been seen with progesterone, at least, at much lower doses (see below).

More recently, the interest in estrogen and progesterone has centered

on their effects on electrical properties and ion balance of the myocar

dium. Gimeno et al. (1967) found that the tension-decreasing effect of

progesterone (1.5x107*M) and estradiol (1.8x107*M) in isolated rat atria

were associated with a slowing of depolarization, repolarization and con

duction time in the myocardial cells; these effects resulted in an increase

in the action potential duration and latent period. Neither hormone was

found to affect the magnitudes of the action or resting potentials, how

ever. The investigators could not explain the coincidence of a decrease

in tension and an increase in action potential duration; it was assumed

that the two effects of the steroids were unrelated. In isolated rabbit

atria, these investigators found that progesterone and estradiol were able

to stop experimentally-induced fibrillation in some cases, a finding sim

ilar to that mentioned previously for Van Arman and Drill's in situ dog

heart study; (here, testosterone was found to be more potent than either

progesterone or estradiol.)

Mendoza and DeMello (1974) showed the same decrease in active tension

'M or 107°M) in the guinea pig papillary muscle. Howby progesterone (10T

ever, the electrical effects found in these experiments were opposite to

those above. Progesterone had a slightly hyperpolarizing effect on the

cell membrane resting potential, and it was associated with a decrease in

action potential duration brought about by an increased rate of rise and

an increased rate of repolarization. Effects of the hormone on ion fluxes

were also studied; progesterone caused an increase in loss of sodium from

the cell but did not affect potassium permeability. It was assumed that
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the hyperpolarizing effect resulted from the increased Nat extrusion.

The hormone also produced a reduction in calcium influx, its presence

partially inhibiting the increase in twitch tension caused by increasing

external Ca" concentration. (Rubin and Salter's earlier investigation

showed a lack of effect by progesterone in this regard.) A particularly

interesting portion of this study dealt with the results of lowering the

temperature on the effects of progesterone; the increases in resting po

tential and rate of repolarization were not seen at 24°C. It was assumed

that the hormone in some way stimulates activity of the sodium pump (thus

producing hyperpolarization), but since total suppression of the pump re

quires temperatures lower than 24°, the lack of action of progesterone at

this temperature must be related to a failure of some other intermediary

mechanism involved in the hormone's influence on the pump. The investiga

tors cited several reports of time course and amplitude of contraction in

cardiac muscle being dependent on duration of the action potential; the

negative inotropic effect of progesterone may then be due to the shorten

ing of the action potential which hypothetically could be secondary to an

accumulation of calcium in the extracellular space produced by progester

one's reduction of Catt uptake. The fact that the electrical effects of

the hormone could be correlated with the mechanical effects in this study

sheds quite a bit of doubt on the data of Gimeno et al. (above) concern

ing both estrogen's and progesterone's effects on the membrane action

potential.

Summary

It is clear that both estrogen and progesterone are capable of in

fluencing the performance of the heart. Although the in vitro studies
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discussed above generally indicated negative inotropic actions of both

hormones, in vivo studies (with estrogen and oral contraceptives) show

unequivocal stimulatory effects, and progesterone's augmentation of beta

effects in the ureter and urethra suggest that this hormone might exert

a similar effect in the heart. Because in vivo effects seem to take time

to develop, as does the cardiac output increase in pregnancy, it was

thought that the present in vitro study should involve pretreatment with

the hormones. It was hypothesized that estradiol and/or progesterone

might augment cardiac muscle contractility by increasing the number or

sensitivity of beta receptors on the membranes and that these effects

should be demonstrable by testing the responses of papillary muscles to

two beta-adrenergic agents, norepinephrine and isoproteremol.
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EXPERIMENTAL EQUIPMENT, PROCEDURE, AND RESULTS

Preliminaries

Animals

Immature, female, New Zealand white rabbits (weighing about 1.8 kg)

were treated with estradiol or progesterone according to a dosage schedule

slightly modified from that described by Miller and Marshall (1965).

(Estradiol=Progynon benzoate, 3.33mg/ml, Schering; progesterone-proges

terone injection, 50mg/ml, Lilly, or progesterone in oil, 100mg/ml, Myers

Carters). Series I: estradiol-treated v. s. progesterone-treated rabbits;

(day 10 = day of experiment) estrogen-treated rabbits received 100microgm

estradiol IM on days 6 and 8, and sesame oil IM on days 1,3,5,7 and 9;

progesterone-treated rabbits received estradiol (same dosage) on days l

and 3, and 7mg progesterone IM on days 5 through 9. Series II: estrogen

treated v. s. control rabbits; (day 5 = day of experiment) estrogen-treated

rabbits received estradiol on days 1 and 3; control rabbits received se

same oil on days 1 and 3. Series III: progesterone-treated v. s. control

rabbits; (day 10 = day of experiment) progesterone treatment as for

series I; control rabbits received sesame oil on days l, 3, and 5 through

9; These dosages of estradiol and progesterone were those shown by

Miller and Marshall to produce typical endometrial and myometrial changes

in the uterus, resulting in a proliferative or a secretive endometrium

and altering the response of the uterine muscle to nerve stimulation and

catecholamines as discussed previously. Rabbits in each series were

ordered, housed, treated and used in the experimental procedure in pairs;

series I consisted of 15 pairs of estradiol- v.s. progesterone-treated

animals, and series II and III each consisted of 3 pairs of estradiol
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or progesterone-treated animals v. s. their respective controls.

Apparatus

The equipment for testing the contractile responses of the pairs of

papillary muscles consisted of :

l) a plexiglas box through which warm water was pumped; two 50 ml chambers

were built into the top of the box; above one end of each chamber was a

fixed holder for a force-transducer (mounted vertically); above the other

end was a screw with which the position of one of the rods to which the

muscle was attached in the chamber could be adjusted (thus adjusting the

resting tension of the muscle). See Figure 1.

2) a water bath (heater and pump) which kept water in the box (and the

contents of the chambers) at 33°C. A beaker of buffer was also kept warm

in this bath.

3) 2 Grass FTO3 force-displacement transducers from each of which was sus

pended a 1% inch-long plexiglas rod with 3 26-gauge needle tips embedded

in its lower end.

4) 2 Grass SD5 stimulator units and 2 sets of stimulating electrodes

(silver) mounted on micromanipulators; (the stimulators were connected so

that the frequency of stimulation for both muscles was determined by one

unit; i.e. both muscles were driven at exactly the same rate.)

5) a trap bottle connected to the wall vacuum with which the contents of

the chambers could be quickly removed to change the bathing solutions.

6) a tank of 95% o2/5% CO2 with lines to a) the beaker of buffer kept

warm in the water bath, b) each of the chambers, and c) the dissecting

dish in which the papillary muscles were removed from the hearts.

7) a Grass model 5C polygraph for recording tension responses of the
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papillary muscles (calibration: 0.5 gm tension excursion/4cm at 0.05

sensitivity; paper speed 0.25 mm/sec)

Solutions

Two liters of Krebs-Henseleit buffer were prepared for each experi

ment to be used 50ml at a time in the chambers as bathing fluid for the

papillary muscles. The composition of this buffer in mM/L was as follows:

Natiº.3, K*5.9, ca" 1.8, Mg++ 1.2, c1-128.3, H2PO, 2.2, Hco, 24.9, so,3

-*1.2, glucose 11.0. The catecholamines used in the experiments were di

luted in this buffer, and it served as rinsing and dissection solutions

during preparation of the tissue. The buffer was kept in a stoppered

flask in the refrigerator until just before use.

107*M (calculated as the salt) solutions of norepinephrine (l-artere

mol HCl, Sigma) and isoproterenol (l-iosproterenol HCl, Sigma) were pre

pared in cold 0.001 N HC1 containing 10 *M sodium metabisulfite as an

anti-oxidant, then refrigerated. Dilutions of each of these drugs (10-2M,
4 5107°h, 107°M, 107*M, 107°M) were made serially in cold buffer just before

the respective experimental periods of addition to the baths.

Preparation of the Tissue

Each pair of rabbits was brought into the laboratory about 45 minutes

before the beginning of the experiment. The papillary muscles from each

were prepared as follows: the rabbit was quickly decapitated, the chest

opened and the entire heart removed into a beaker of cold, oxygenated

buffer; (at this time, the abdomen was also opened, the uterus removed

and checked for signs that the hormonal treatment had been effective);

the blood in the heart was gently squeezed out and the heart transferred

to a dissection dish also filled with cold buffer through which the gas
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was bubbled continuously; the right atrium was carefully cut away and the

right ventricle opened along one junction with the left ventricle; the

wall of the right ventricle was folded back while snipping the upper ends

of the cordae tendinae attaching the papillary muscles to the free border

of the atrioventricular valve; several of these muscles usually being

present, the one being closest in size to 10mm long and lmm wide was

chosen (one of the disadvantages of using rabbits for this preparation

is the great variability in size of the papillary muscles, so some of the

muscles used were quite a bit larger than this and some much smaller);

a surgical silk thread was then tied around the corda tendina end of the

chosen muscle and the base of the muscle cut away from the ventricular

wall, leaving a small bit of ventricular tissue attached to the end of

the muscle to act as an anchoring area in the bath; the muscle was trans

ferred to the experimental chamber and mounted horizontally, the ventri

cular end anchored to the adjustable screw apparatus and the thread tied

to a pin on the rod connected to the transducer; an initial tension of

0.5 grams was placed on the muscle (during equilibration, the muscles

always relaxed to about 0.4 gm as measured on the polygraph) and the

stimulating electrodes positioned on the muscle's surface; the stimulator

was then switched on delivering an 0.2 Hz, 10msec square-wave pulse with

the voltage initially at 50V, subsequently lowered to threshold + 10% of

the individual muscle (this voltage between 3W and 20W).

This procedure usually took about 15 minutes, including time for

clean-up and preparation for the next animal, so that the second papillary

muscle was mounted and contracting within 10 to 15 minutes of the first.

Both muscles were then allowed to equilibrate in the bath for an addi

tional 45 to 50 minutes before the dose-response experiments were begun.
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Experimental Procedure

About 15 minutes before the actual drug additions started, the buf

fer in both wells was suctioned out and replaced (using a large, plastic

syringe) with fresh buffer from the beaker kept warm and oxygenated in

the water bath. This was the same procedure used whenever the bathing

solutions were changed. Often, the amplitude of contraction would be al

tered slightly by the bath change, but the experiments were not started

until the contractions had stabilized again.

Drug dosages were additive; that is, the entire dose/response exper

iment for one drug was done without washing between doses. Appropriate

amounts of 107°M through 151 M drug were given to result in bath concen
7trations of 107*M, 5x107*M, 10'■ , 5x10'M...., 5x10° norepinephrine or

isoproterenol. A partial protocol for drug addition would be as follows:

a) add 0.5 ml 10° M drug with a plastic syringe (gives concentration of

10 *M in the bath), b) wait 3 to 4 minutes for mixing and response to de

velop, c) add 2.0 ml of 10−6M drug (gives bath concentration of 5x107*M),
d) wait 3 to 4 minutes for mixing and response, e) remove 2.5 ml from the

7bath (with a 3cc syringe), f) add 0.25 ml 10T'M drug (gives bath concen–

tration of 107'M), g) wait, h) add 2.0 ml 10-5 M drug (gives bath concen

tration of 5x10'M), i) wait, j) remove 2.25 ml from the bath.

The remaining drug dosages were given as for the 10-2M solution,

2.25 ml being removed from the bath after the 5x107*M dose to keep the

bath volumes at 50 ml. Drug was added to the bathing solutions in both

chambers from the same syringe, one right after the other. Preliminary

experiments had indicated that it did not matter which of the two drugs

was tested first as far as sensitivity to the drugs was concerned; be

cause the effects of isoproterenol were much harder to wash out than
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those of norepinephrine, for convenience, the norepinephrine series was

always done first. Between series, the bathing solutions were changed 3

or 4 times, and the amplitudes of contraction of both muscles fell to

approximately the pre-dosage levels within about 30 minutes. When the

contractions had restabilized, the isoproterenol series was begun.

Upon completion of the second drug series, the muscles were removed

from the experimental chambers and placed in drops of buffer on a micro

scope slide. The threads and anchoring ventricular tissue were dissected

off, and the length and diameter of each muscle measured under a dissect

ing microscope with a micrometer. Each muscle was also weighed, wet, on

a piece of weighing paper.

Analysis of Data

Maximum response to each drug dose was determined by measurement of

the height of the pen deflections on the polygraph records. 10-8M COIl

centrations of both drugs usually evoked no response, and pen deflection

at this concentration could be used as a basal response. If this concen

tration did result in a response, the pre-dosage deflections were used

as baseline; in some cases, amplitude of contraction fell slightly during

the first few drug dosages (perhaps due to a slight temperature change

when cool drug solution was added to the warm chamber), and basal response

was taken to be the lowest point reached. Responses to each drug dose

were converted to per cent increase over baseline with the equation 100 x

(response - basal response)/basal response. For each muscle, these fig

ures were normalized by dividing them by the average cross-sectional area

of the muscle, wet weight of muscle/ (density x length of muscle), where

density may be taken to be 1.1. The normalized responses were then con
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verted to per cent of maximum response to each drug, i.e. response to

each drug dose was expressed as per cent of the greatest response shown

by the muscle to any of the doses of the drug.

Normalized response to the drug dose producing the greatest response

within each drug series (norepinephrine or isoproterenol) was determined

for each muscle and the responses for each pair compared by the paired

Student's t-test.

The Litchfield-Wilcoxon method (1949) was used to calculate PP50's
and their 95% confidence limits using the data after conversion to per

cent maximum response. ED50's and their 95% confidence limits were cal
culated for both norepinephrine and isoproterenol for each hormone treat

ment (estradiol, progesterone, and control) using compiled data:

estradiol-treated from series I and II, progesterone-treated from series

I and III and controls from series II and III.

Results

Calculated average cross-sectional areas for all of the papillary

muscles are shown in Table 2. In most cases, the figures for the muscles

in each experimental pair are quite similar, and the means for the dif

ferent treatment groups are also very similar. The figures are probably

somewhat larger than the actual average cross-sectional areas of the mus

cles because the weight of the muscles were measured when the muscles

were wet (not blotted) and the lengths were measured after removing the

muscles from the chambers giving a shorter length than if the muscles had

been measured at working length.

Tables 3 and 4 show the maximal responses to each of the two cate

cholamines (the greatest increase over basal response exhibited by each
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muscle to any of the catecholamine doses in a series of doses), normalized

with the average cross-sectional areas for each muscle. Responses of each

muscle pair were compared by the paired Student's t-test and the p values

from these comparisons are shown in the tables. None of the differences

can be considered as being significantly greater than zero (null hypothe

sis).

Tables 5 through 9 show responses by each papillary muscle, arranged

by treatment, to each dose of norepinephrine or isoproterenol. These fig

ures are expressed as per cent of the maximal response reached during the

series of drug dosages. Mean responses for each dose and the levels of

one standard error around the means were calculated; the figures are

shown in Tables 10 and ll. The per cent responses shown in Tables 5

through 9 were plotted on logarithmic-probability paper (doses against

per cent effect) (see Graphs 1 and 2), and the ED50's (ED50- the dose of

drug at which the 50% maximal response is elicited) and the 95% confidence

limits for the ED50's calculated according to the method of Litchfield

and Wilcoxon (1949). These figures are shown in Table 12. There are no

significant differences between the treatment groups within each of the

two catecholamine groups; there are, however, as is to be expected, sig

nificant differences between the ED50's for morepinephrine and those for

isoproterenol.

The mean responses and standard errors shown in Tables 10 and 11 were

plotted for each treatment and catecholamine to demonstrate the shapes of

the dose/response curves in Graphs 3 through 6.
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TABLE 2: PAPILLARY MUSCLE AWERAGE CROSS-SECTIONAL AREAS

Series I progesterone- estrogen
treated treated

Pair # 1. 2.00 2. l 3
2. 1.49 1. 31
3. 2.23 2. l 1
4. 1.47 1.58
5. 1.53 1.74
6. 1.89 1.59
7. 2.58 1.57
8. 1.08 1. 41
9. 1.92 1.82

10. 1.74 1.42
11. 1.69 1.58
12. 1. 44 2. T 5
13. 1.86 1. 40
14. 1.64 1. 30
15. 1.25 1.85

x=l. 72+/-0.1% X=1.66+/-0.08

Series II estrogen- control
treated

Pair # 1. 2.2] 1.63
2. 1.54 1.96
3. 0.84 2.03

x=1.53+/-0.4 X=1.87+/-0.12

Series III progesterone- control
treated

Pair # 1. |. 52 2.01
2. |. 57 1.47
3. 2. 28 2.08

X=1.794/-0.25 X=1.85+/-0.19

*means are given +/- the
Standard error
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TABLE 3: Maximal responses to norepinephrine or isoproterenol
expressed as greatest increase over basal response reached during
drug series divided by average cross-sectional area of the muscle;
for SERIES I pairs (progesterone v. S. estradiol)

NOREPINEPHRINE

pair # l 2 3 4 5 6 7 8

P-treated 144.0 42.3 132.2 126.3 95.7 71.3 59.8 121. 1
E -treated 281.7 41.2 31.6 212.2 104.6 153.5 T 12.4 165.5

2

9 10 | | 12 13 14 15

40.9 17.4 151.2 79.3 165.0P-treated 141. 4 70.2
7 58.4 73.0 137.1 l 13.7 104.3E -treated 124.2 72.

2
p:0.2

ISOPROTERENOL

pair # l 2 3 4 5 6 7 8

P-treated 175.0 209. 4 9
9E -treated 361.5 201.5

2

.2 224.7 225.3 79.4 70.9 246.0
7 126.6 177.8 125.8 117.7 584.0

9 10 TT 12 13 14 15

P-treated 152.6 95.8 64.1 46.3 239.8 85.4 666.6
E -treated 146.5 476.4 175.0 229.8 205.7 278. l 186.2

2
p <0.4
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TABLE 4: Maximal responses to norepinephrine or isoproterenol
expressed as greatest increase over basal response reached during
drug series divided by average cross-sectional area of the muscle;
for SERIES II and III pairs (progesterone and estradiol v.s. their
respective controls)

SERIES II

NOREPINEPHRINE

pair # l 2 3

E2-treated 26.8 69.9 46.5
Cöntrol S 167.3 275. 5 10.7

p-0.4

SERIES III

NOREPINEPHRINE

pair # l 2 3

ISOPROTERENOL

l

271.5
141.9

p-0.5

2 3

147.6 92.6
189.5 68.4

ISOPROTERENOL

T 2 3

P-treated 96.3 235.7 73.8
controls 298.5 T 17.9 29.6

p-0.4

109.8
187.5

p-0.5

182.0 96.2
94.5 81.0
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TABLE5:
Responses
to
NOREPINEPHRINE
of
papillarymusclesfrom
progesterone-treatedrabbits fromseries

I
andIII.

Series
I:
seriesII:

Dose(M)P-treated
123456789TOll12131415123

rabbitfrom pair
#

10-8
000O0000000O000000

5x10-8
0000001025||00O0200 10-7

00000030||5||0000700
5x10-7
002O354057||0O3O700 10-6

00453570511110O3O||33
5x10-6
0071651516O201811O958|6||16 10-5

4O92211242202427332518131420ll24 5x10−933030493750462542505625443148343253 10-4331655696068624058645625674967444665 5x10-479808410089100898889867875939791806889 10–39310089100971009710010095100751009797938697 5x10-310010010010010010010010010010010010098100100100100100
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TABLE6:
Responses
to
ISOPROTERENOL
of
papillarymusclesfrom
progesterone-treatedrabbits fromseries

I
andIII.

Series
I:
SeriesIII:

DoseP-treated
123456789TOll12131415123

rabbitfrom pair
#

10-8
0000000O9O00()()0000

5x10-8
001540124||516OO2O91O5 10-7

00234013121754100O20124019 5x10-7
03396O423636593282510026151030 10-6292465381550485763541538206484]2554 5x10-6718692675383799878745475595174864884 10-5799792746983841008078778865638095609] 5x10−99299100838190929683827788698486957596 10-49699928781909296888277100698288958396 5x10-4100998898901009293939292100788894959099 10–310010088100971009593989692100829296959599 5x10-31001008810010010010093100100100100100100100100100100
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Dose 10-8 5x10" 10-7 5x10-7 10-6 5x10-6 10 5x10-5 1074 5x10-4 10–3 5x10−3
TABLE7:
Responses
to

NOREPINEPHRINE
of
papillarymusclesfrom
estradiol-treatedrabbits fromseries

I
andII.

E2-treated r■ bbitfrom pair
#

Series
I: l 7 14 44 60 89 88

2 O 64 79

3 50 75

11 16 23 37 49 82 96

0 10 20 59 86

9 17 27 46 56 87

10 0
l 25 53 75 94

88

12 14 24 30 52 67 9]

95100100100100

678 000 |3O 250 4100 5100 713|| 102323 263061 414577 8280100 10090

100100100100100100100

1314 0 2059 3579 74100

|| |] 18 27 59 78 98

9]100100

9510010010010010097

98

SeriesII:
l 22 28 56 69 100 100

2 0 14 29 36 50 7]

3 0 0 33 44 55 55 55 55 55 66 77

9]100100
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TABLE8:
Responses
to

ISOPROTERENOL
of
papillarymusclesfrom

estradiol-treatedrabbits

5 8 27 42 70 85 92 96

89100

fromseries
I
andII.

20 69 70 78 8]

9310010094100Series
I:

DoseEo-treated
l234

Fábbitsfrom pair
#

10-8
0000

5x10-8
0000

10-7
0040

5x10-7
0380

10-62873229 5x10-666555671 10-577647277 5x10-586768484 10-489788886 5x10-49490100100 10–397 5x10−3

5 8 30 44 77 84 87 87 93 97

100100100100100100100

10 12 29 47 77 86 95 100 100 100 100

38 60 7] 83 100 98 98 96 98 96

10 4 17 28 50 62 79 83 86 9] 97

O
|] 21 38 57 74 80 89 9] 97

98100
96100100

12 15 40 64 84 95 95 98 100 98

13 21 54 69 77 83 88 92

14 O 4 6 18 38 64 77 83 85 89 94

l 14 33 53 74 8] 85 89 96 96

98100100100

SeriesII:
l O 0 6

|] 50 82 83 86 89 94 97

2 20 44 60 80 84 92 92

3 O 7 7 14 50 7] 7] 7] 78 86 86

100100100



TABLE9:
Responses
to
NOREPINEPHRINE
and
ISOPROTERENOL
of
papillarymusclesfromcontrol rabbitsfromSeries

IIandIII.

NOREPINEPHRINEISOPROTERENOL SeriesII:SeriesIII:seriesII:SeriesIII:

DoseControlrabbit
123123|23123

frompair
#

10-8
000000000000

5x10-8
3OT060000O30

10-7
30|868000060

5x10-7104126804616284 10-610241268271921325628 5×10−6177815258765663648172 10-523131019258817680848486 5x10°43372727638887790968892 10-4575640357542848196969192 5x10"8783756910092928896979796 10–39398908510010097949810097100 5x10°100100100100100100100100100100100100
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TABLE 10: Mean responses to NOREPINEPHRINE doses exhibited by each
hormone treatment (composite of responses in all series expressed
as per cent of maximal response) and standard errors for these
responses

Dose (M) Series I & III Series I & II Series II&III
n=18 n=18 n=6

10-8 º-trº tº-trºtes control.
5x10-8 1.2+/-0.6 1.6+/-0.6 1.7+/- 1.0

10-7 1.5+/-0.7 4.1+/-l.9 4.3+/-1.4

5x10-7 2.6+/–0.8 6.3+/–2.5 7.0+/- 1.5

10-6 3.94/-0.9 8.94/-3.0 7.0+/–1.5

5x10-6 9.6+/–1.6 14.7+/-3.3 13.3+/-2.9

10-5 16.7+/-2.2 20.7+/-3.5 16.3+/-2.9

5x10-5 38.1+/–3.2 40.6+/-5.0 34.2+/-7.6

10-4 52.4+/-3.7 53.1+/-5.6 50.8+/-6.0

5x10-4 86.4+/-2.0 80.8+/-3.9 84.3+/-4.6

10–3 93.6+/-2.4 91.6+/-2.4 94.3+/–2.5

5x10-3 100 98.94/-0.6 100
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TABLE ll: Mean responses to ISOPROTERENOL doses exhibited by each
hormone treatment (composite of responses in all series expressed
as per cent of maximal response) and standard errors for these
responses

Dose (M) Series I & III Series I & II Series II & III
n=18 n=18 n=6

P-treated E2-treated controls

10-8 O 0 0

5x10-8 6.6+/–2.8 6.0+/-2.0 O

10-7 9.4+/–3.2 10.94/-3.4 1.0+/-l.0

5x10-7 20.94/-4.1 21.8+/–4.6 9.7+/-4.3

10-6 38.3+/-4.2 41.5+/-4.5 30.5+/-5.5

5x10-6 72.94/-3.5 69.8+/-3.l 68.7+/-3.8

10-5 80.8+/-2.8 78.4+/-2.3 80.3+/-2.8

5x10-5 87.1+/-2.0 85.1+/–1.7 88.2+/-2.7

10-4 88.5+/-2.0 88.3+/-l .5 90.0+/-2.5

5x10-4 93.4+/-l. 3 94.6+/-l. T 94.2+/-l .4

10–3 95.4+/-l.l 96.1+/-0.9 97.7+/-0.9

5x10−3 98.8+/-0.7 99.7+/-0.2 100
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TABLE 12: ED O'
CUrVeS àiºt
Wilcoxon (1949)

NOREPINEPHRINE

treatment

progesterone

estradiol

Control

ISOPROTERENOL

treatment

progesterone

18

18

estradiol

Control

18

18

7.0x10-5

5.0x10-5

8.4x10-5

EDso (M)
2.0x10-6

2.0x10-6

2.4×10−9

s and 95% confidence limits for dose/response
ed according to the method of Litchfield and

95% confidence limits

3.5x10-5 to 14.0x10-8

2.5x10-5 to 10.0x10-5

2.6x10-9 to 27.0x10-5

95% confidence limits

1.1x10−6 to 3.6x10-6

1.1x10−6 to 3.5x10-6

0.96×10−6 to 6.0x10-6
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DISCUSSION

The results of these experiments do not support the hypothesis that

estrogen and/or progesterone can increase myocardial contractility by

inducing as effect on the muscle cells demonstrable in the absence of the

hormones. It was attractive to propose that these steroids might have an

effect similiar to that of progesterone on the ureter and urethra; in

those tissues, the hormone apparently augments or induces beta-responsive

ness, an effect demonstrable in vitro, in the absence of the hormone

(ureter) and in vivo, after pretreatment but with some of the hormone

probably being present (urethra). In the uterus, also, the relative domi

nance of estrogen and progesterone seem to determine the "balance" of

alpha-receptors and beta-receptors. It would be logical to propose the

occurence of similar effects in the heart during pregnancy. Increased

myocardial contractility resulting in an increased cardiac output could

occur from an increase in beta-responsiveness, and one or both of the two

steroids, being present in very high amounts during pregnancy, could in

duce such an effect. The present results, however, indicate that this is

not demonstrable in the absence of the hormones; the lack of difference

in maximal response to the two beta agonists between treatments demon

strates a lack of induction of new beta-receptors, and the almost iden

tical ED50's of hormone-treated and control groups indicates that the

sensitivity of existing receptors is not altered by either hormone.

Of course, there is always the possibility that these effects do

occur but for some reason were not demonstrable in this preparation. The

rabbit heart may be insensitive to the beta-receptor-stimulatory effects

of the hormones; an increase in cardiac output has apparently never been

shown for the pregnant rabbit, the only studies of the phenomenon having

involved humans, sheep, and goats. The duration of the hormone treat

ments may not have been long enough to show effects; gestation period for
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the rabbit is 32 days, and while the 9 days of progesterone pretreatment

were probably sufficient to induce any effects, the 4 days of estradiol

may not have been. The heart may require longer exposure to the hormones

than does the uterus, in which estrogen influence could be seen after the

4 day treatment. Although the in vivo evidence (studies of women taking

oral contraceptives, and Ueland and Parer's (1966) study of estrogen in

the sheep) points to estrogen being responsible for the cardiovascular

changes noted in pregnancy, it could be that the presence of both hormones

is required (at least in the rabbit) for the effects to be manifested.

(The estradiol-progesterone pretreatment in this study did not constitute

a combination treatment, the estradiol being administered on the first

and third days only as a "primer".) Lastly, although it seems unlikely,

the sensitizing effects of the hormone or hormones might have developed

as hypothesized during pretreatment but were lost after sacrifice and be

fore testing.

If, indeed, the hormones do not induce receptor changes as hypothe

sized, one or more other mechanisms must be involved in the increase in

myocardial contractility responsible for the increased cardiac output of

pregnancy. Assuming that one or both of these steroids is responsible

for the increase, it seems that the hormones must actually be present in

the solutions bathing the tissue for the effects to be seen. Most in vitro

studies on inotropic effects of estrogen and progesterone have shown that

the hormones decrease contractility; progesterone alone always has re

sulted in negative inotropism although the reports of mechanisms involved

(Nahum et al., 1951; Gimeno et al., 1967; Mendoza and DeMello, 1974)

(effects on membrane resting and action potentials and on Na", K*, and ca”

fluxes) are conflicting. Estrogen, on the other hand, although it has not
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been as intensively studied, is inconsistently negatively inotropic and

may, as suggested by Ueland and Parer (1966), because of similarity of

structure, act in a way similar to digitalis, a wellknown positive

inotropic agent. The combination of estrogen and progesterone, demon

strated by Jequier and Plotka (1949) to increase cardiac contractility in

an in vitro preparation, may also be responsible in some way for in vivo.

cardiovascular changes, since both hormones are present at high levels

during pregnancy. Both estrogen and progesterone were shown to enhance

effects of catecholamines in the aorta, presumably by acting as catechol

0-methyl-transferase inhibitors and preventing the rapid breakdown of the

catecholamines (Kalsner, 1969; Williams and Hudgins, 1973); in the heart,

however, only the effects of progesterone were studied (Fozard, 1971),

and this hormone was found only to increase responses to epinephrine, not

to norepinephrine; the response seen was an increased heart rate which is

probably not the major determinant of the increased cardiac output in

pregnancy; should estrogen and progesterone have actions similar to COMT

inhibitors, it would be difficult to assign great importance to their

actions in this regard since the relative contribution of COMT (v. s. re

uptake) to catecholamine deactivation is probably small. One should also

consider the slow onset (hours or weeks) of the cardiovascular stimula

tions seen in vivo when seeking to explain these stimulatory effects by

rapidly developed phenomena seen in vitro.

Further experimentation will be necessary to establish the role of

reproductive steroids in the increase of cardiac output during pregnancy.

Perhaps most important in any further studies would be the demonstration

of an increase in cardiac output during pregnancy in the chosen animal

model. Secondly, pregnancy levels of estrogen and progesterone for that
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animal should be established and the hormonal pretreatments adjusted, if

necessary, to simulate physiological levels reached when the increase in

cardiac output is first noted. Experiments similar to the present study

would be useful to investigate the possibilities that 1) it is necessary

for both estrogen and progesterone to be utilized simultaneously and in

physiological amounts as a pretreatment for contractility changes to be

seen, and 2) a pretreatment with one or both hormones plus addition of

hormone to the bathing fluid during experimentation are both necessary.

A purely in vitro study might also be useful, providing that a relatively

long "incubation" period was included during which the muscle would rest

exposed to hormone (s) dissolved in the bathing solution. Should these

studies fail to show hormonal effect on contractility, one might assume

an intermediary substance in the process; if estrogen or progesterone were

inducing formation of a secondary hormone or other agent which would in

crease myocardial contractility, use of a pretreated animal's serum in

the test chambers could cause a noticable effect. Ultimately, studies

on the nature of this agent would be necessary. It will also be desirable

to resolve the question of the importance of COMT and COMT-inhibition in

the heart.

Although the present study failed to demonstrate an increase in car

diac contractility by hormonal induction or sensitization of beta

receptors, the field of steroidal effects on the cardiovascular system

certainly merits further investigation. Evidence undoubtedly favors an

association between estrogen and/or progesterone and the increase in car

diac output during pregnancy. The nature of this association remains to

be demonstrated.



55

REFERENCES

Altman, P. L., and Dittmer, D.S., eds., Respiration and Circulation
(Biological Handbook), Fed. of Amer. Soc. for Exp. Biol. ,
Bethesda, 1971

Bader, R.A., Bader, M. E., Rose, D.J., Braunwold, E., Hemodynamics at
rest and during exercise in normal pregnancy as studied by cardiac
catheterization, J. Clin. Invest. 34 (10): 1524, 1955

Brehm, H., Kindling, E., Der Kreislauf wahrend Schwangerschaft und
Wochenbett, Archiv fur Gynakologie 185:696, 1955

Brown, J. B., Urinary excretion of oestrogens during pregnancy, lactation
and the re-establishment of menstruation, Lancet 6925:704, 1956

Bulbring, E., Casteels, R., Kuriyama, H., Membrane potential and ion con
tent in cat and guinea pig myometrium and the response to
adrenaline and noradrenaline, Brit. J. Pharmacol. 34:388, 1968

Burwell, C.S., The placenta as a modified arteriovenous fistula, con
sidered in relation to the circulatory adjustments to pregnancy,
Am. J. Med. Sci. 195:1, 1938

Crout, J.R., Effect of inhibiting both COMT and MAO on cardiovascular
responses to norepinephrine, Proc. Soc. Exp. Biol. Med. 108:482
(1961)

Csapo, A., Actomyosin content of the uterus, Nature 162:218, 1948

Csapo, A., Actomyosin formation by estrogen action, Am. J. Physiol.
162:406, 1950

Csapo, A., Corner, G.W., The effect of estrogen on the isometric tension
in rabbit uterine strips, Science 117:162, 1953

DeSchaepdryver, A.F., Kirshner, N., Metabolism of adrenaline after
blockade of MAO and COMT, Science 133:586, 1961

El-Sherif, A., El-Said, G., Kamal, I., Hefnawi, F. , Younis, N., Effect
of oral contraceptives on the cardiovascular system of normal
females, J. OBGYN Brit. Comm. 76:542, 1969

Fozard, J. R., Schneiden, H., Steroidal hormones and vascular reactivity
in the rabbit, in Background to Migraine 3:136, A. L. Cochrane, ed.,
1969

Fozard, J. R., Effects of progesterone on cardiovascular responses to
amines and to sympathetic stimulation in the pithed rat, Brit. J.
Pharmacol. 41:187, 1971





56

Frank, S., Zelcer, J., Walters, W.A.W., The influence of synthetic
oestrogen and progestogen on the rat myocardium, Aust. J. Esp.
Biol. and Med. Sci. 48:381, 1970

Gimeno, A. L., Yang, W. C., Gimeno, M. F., Myocardial actions of sex
steroids, in Factors influencing myocardial contractility, R.D. Tanz,
ed., Academic Press, New York, 1967

Goodrich, S.M., Wood, J. E., The effect of estradiol-17beta on peripheral
distensibility and velocity of venous blood flow, Am. J. OBGYN
96:407, 1966

Guyton, A.C., ed., Textbook of Medical Physiology, 4th ed., W. B. Saunders
Co., Philadelphia, 1971

Hamilton, H.F. H., The cardiac output in normal pregnancy, J. OBGYN Brit.
Emp. 56:548, 1949

Jequier, R., Plotka, C., Synergie d'action entre l'oestradiol et la
progesterone sur le coeur isole de Grenouille, Comptes Rendus
Societe de Biologie, 143:760, 1949

Johansson, E. D. B., Plasma levels of progesterone in pregnancy measured
by a rapid competetive protein binding technique, Acta Endocrin.
61:607, 1969

Kalsner, S., Steroid potentiation of responses to sympathomimetic amines
in aortic strips, Brit. J. Pharmacol. 36:582, 1969

Katzung, B., Evaluation of drugs affecting the contractility and the
electrical properties of the heart, in Selected Pharmacological
Testing Methods, A. Berger, ed., Marcel Dekker, Inc., New York,
1968

Kerr, M.G., Cardiovascular dynamics in pregnancy and labour, Brit. Med.
Bull. 24:19, 1968

Klopfer, A., Billewicz, W., Urinary excretion of oetriol and pregnanediol
during normal pregnancy, J. OBGYN Brit. Comm., 70:1024, 1963

Langer, G.A., Ion fluxes in cardiac excitation and contraction and their
relation to myocardial contractility, Physio. Rev. 48: 708, 1968

Lees, M.M., Taylor, S.H., Scott, D. B., Kerr, M.G., A study of cardiac
output at rest throughout pregnancy, J. OBGYN Brit. Comm.
74:319, 1967

Lehtovirta, P., Hemodynamic effects of combined oetrogen/progestogen
oral contraceptives, J. OBGYN Brit. Comm. 81:517, 1974

Lim, Y.L., Walters, W.A.W., Oetrogens and the maternal circulation,
Austr. New Zealand, J. OBGYN 10:61, 1970





57

Litchfield, J.T., and Wilcoxon, F., A simplified method of evaluating
dose-effect experiments, J. Pharmacol. Exp. Ther. 96:99, 1949

Marshall, J.M., The effects of ovarian hormones on the uterine response
to adrenergic nerve stimulation and to adrenergic amines, in

Its Regulatory Effect on the Myometrium, CibaProgesterone:
Foundation Study Group #34, G. E.W. Wolstenholme, J. Knight, eds.,
J. and A. Churchill, London, 1969

Marshall, S. , Lyon, R.P., Minkler, D., Ureteral dilatation following use
of oral contraceptives, JAMA 198: 782, 1966

McCausland, A.M., Hyman, C., Winsor, T., Trotter, A.D., Wenous distensi
bility during pregnancy, Am. J. OBGYN 81:472, 1961

Mendoza, J., DeMello, W.C., Influence of progesterone on membrane
potential and peak tension of myocardial fibers, Cardiovasc. Res.
8:352, 1974

Metcalfe, J., Ueland, K., The heart and pregnancy, in The Heart, Arteries
and Weins, J. W. Hurst, R. B. Logue, eds., 2nd ed., McGraw-Hill, New
York, 1970

Miller, M.D., Marshall, J.M., Uterine response to nerve stimulation;
relation to hormonal status and catecholamines, Am. J. Physiol.
209:859, 1965

Nahum, L.H., Geller, H.M., Levine, H., Sikand, R.S., Effect of pregnenolone
and progesterone upon contractility, excitability, and rhythmicity of
cardiac muscle, in Symposium on steroids in experimental and clinical
practice, A. White, ed., The Blakiston Co., New York, 1951

Nickerson, M., Adrenergic regulation of cardiac performance, Circ. Res.
Supp. II: 130, 1964

Palmer, A., Walker, AHC., The maternal circulation in normal pregnancy,
J. OBGYN Brit. Emp. 56:537, 1949

Parmley, W.W., Sonnenblick, E. H., Cardiac muscle function studies in
Methods in Pharmacology, vol. 1, A. Schwartz, ed., Appleton-Century
Crofts, New York, 1971

Pauerstein, C.J., Zauder, H. L., Autonomic innervation, sex steroids and
uterine contractility, OBGYN Survey 25:617, 1970

Prinzmetal, M., Ishihawa, K., Nakashima, M., Oishi, H., Ozkan, E. ,
Wakayama, J., Baines, J., Estrogens and the heart, Am. J. OBGYN
98:575, 1967

Raz, S., Ziegler, M., Adoni, A., Hormonal environment and uterine
response to epinephrine, Am. J. OBGYN lll: 345, 1971





58

Raz, S., Ziegler, M., Caine, M., Hormonal influence on the adrenergic
receptors of the ureter, Brit. J. Urology 44:405, 1972

Raz, S., Ziegler, M., Caine, M., The effect of progesterone on the
adrenergic receptors of the urethra, Brit. J. Urology 45:131, 1973

Reid, D. E., Ryan, K.J., Benirschke, K., eds. , Principles and Management
of Human Reproduction, W. B. Saunders Co., Philadelphia, 1972

Reiter, M., Drugs and the heart muscle, Ann. Rev. Pharmacol. 12: lll, 1972

Reynolds, S.R.M., Foster, F.I., Peripheral vascular action of estrogen,
observed in the ear of the rabbit, J. Pharmacol. Exp. Ther.
68:173, 1940

Rubin, B., Salter, W.T., The effects of progesterone and some related
steroids on the contraction of isolated myocardium, J. Pharmacol.
Exp. Ther. 105:443, 1952

Sawin, C.T., The Hormones, Little, Brown and Co., Boston, 1969

Sherf, D., The respiratory and the circulatory system in females with
ovarian dysfunction, Annals Int. Med. 13:1414, 1940

Szent-Gyorgi, A., Chemical Physiology of Contraction in Body and Heart
Muscle, Academic Press, New York, 1953

Ueland, K., Parer, J.T., Effects of estrogens on the cardiovascular
system of the ewe, Am. J. OBGYN 96:400, 1966

Van Arman, C.G., Drill, W.A., Some cardiovascular effects of norethandro
lone (Nilevar), testosterone, and progesterone, J. Pharmacol. Exp.
Ther. 124:59, 1958

Van Wagenen, G., Jenkins, R.H., An experimental examination of factors
causing ureteral dilatation in pregnancy, J. of Urology 42:1010, 1939

Walters, W.A.W., Lim, Y.L., Hemodynamic changes in women taking oral
contraceptives, J. OBGYN Brit. Comm. 77:1007, 1970

Walters, W.A.W., MacGregor, W.G., Hills, M., Cardiac output at rest and
the puerperium, Clin. Sci. 30:1, 1966

Weiss, R., Uber die Mehrleistung des Herzens wahrend der Schwangerschaft,
Klin. Wochenschrifte 3:106, 1924

Williams, P. B., Hudgins, P.M., Actions of , hydrocortisone, desoxycorticos
terone acetate and progesterone on l C-norepinephrine uptake and
metabolism by rabbit aorta, Pharmacol. 9:262, 1973

Williams, R.H., ed., Endocrinology, 4th ed., W. B. Saunders Co.,
Philadelphia, 1968





º

-

-- º
-

º

-

º

-

º
-º

-





FOR REFERENCE

NOT TO BE TAKEN FROM THE ROOM
---

ºf ------------ º

-

-

|
|

|






