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REVIEW

Nongenomic Action of Steroids in Myometrial Contractility

Mercedes Perusquia

Biomedical Research Institute, National Autonomous University of Mexico, Mexico City;
and Division of Reproductive Sciences, Oregon Regional Primate Research Center, Beaverton, OR

Steroid hormones are involved in several fundamental
aspects of all living beings, with a few slight chemical
differences among steroids being enough to give them
the extraordinarily diverse biologic specificities that
are important in animal physiology and medical thera-
peutics. Indeed, in the uterus, they have a remarkable
action on uterine contractility with physiologic signif-
icance in the important reproductive processes of mam-
malian pregnancy and parturition. The regulation of pro-
gesterone on the myometrial contractile activity and
related wider subjects of the endocrinology of preg-
nancy and parturition have been reviewed many times
during the twentieth century. However, new data indi-
cate that several progesterone metabolites and some syn-
thetic steroids induce a progesterone-like uterine-relax-
ing effect. Experimental evidence from our laboratory
has shown that 5-reduced progestins and androgens
are more potent than progesterone itself in decreasing
uterine contractility. The purpose of this review is to
update current knowledge of endogenous and exoge-
nous steroids on the phenomenon of uterine contrac-
tility, by summarizing their structural differences to
induce changes on this process and discussing the pos-
sible mechanism of steroids to regulate uterine muscle
activity.
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one metabolites; 5-reduced metabolites; myometrium;
uterine relaxation.

Introduction

Progesterone plays an important role in the maintenance
of pregnancy in mammals, exerting a relaxing effect directly
in the uterine muscle. Pioneering experiments (/,2) demon-
strated that the corpus luteum is essential for the mainte-
nance of pregnancy in the rabbit. These findings established,
for the first time, the importance of a hormone as an inhibi-
tory factor (/-5). This observation was supported by further
studies performed both in vitro (6) and in vivo (7,8).
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Immediately after the isolation and characterization of
progesterone (9), the uterine contraction inhibitory effect of
progesterone was confirmed in vitro and in vivo (/0-16). In
general, the in vitro studies pointed to an inhibitory effect of
progesterone on the oxytocin-induced uterine contractile re-
sponse, whereas in vivo experiments revealed the inhibitory
effect of progesterone to be on spontaneous uterine activity.

These series of findings on the ability of progesterone to
replace the corpus luteum in maintaining pregnancy within
a quiescent myometrial environment emphasized that the
role of progesterone during pregnancy has an inhibitory
effect on uterine activity. This effect was described by Csapo
(17) as the “progesterone block.” This gave birth to the pre-
dominant conceptualization of progesterone as the defense
mechanism of pregnancy (/8), and the use of the name pro-
gestation steroid to describe it.

Numerous observations in the late 1950s and early 1960s
by Csapo and coworkers, as well as others, clarified the inhib-
itory effect of progesterone and led to a search for an expla-
nation of its action (/6-22). The experimental results con-
firmed that progesterone induces an inhibitory effect on the
myometrial response to oxytocin in rabbits (/8,79). The
inhibitory effect induced by progesterone was also reported
on electrical stimulation of contractions in rabbits (/8).
Collateral works qualified the rat uterus as a good model
for the studies of progesterone action. It was observed that
spontaneous and electrical activity were decreased in vivo
and in vitro by this hormone in pregnant and nonpregnant
rats (20,21), with a diminution in frequency and amplitude
of oxytocin-elicited contractions. This is in contrast to the
effect induced by estrogen (2/,22). In addition, it was con-
firmed that the administration of progesterone may main-
tain pregnancy in ovariectomized rats (23). In summary, these
30 yr of research characterized the effects of progesterone
as an uncoupling of the excitation-contraction process (24).

Regarding the effect of progesterone on human uterine
contractility, studies in pregnant and nonpregnant myome-
trial strips in vitro have shown that this steroid hormone
induces a diminution in the duration of the contraction cycle
in oxytocin-stimulated uterus, and on spontaneous con-
tractions (25,26). These findings resulted in the conclusion
that the sensitivity of myometrium to oxytocin was greatly
reduced in the presence of progesterone. However, the in
vivo studies did not entirely agree with the in vitro results;
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the im administration of progesterone at high doses (400
mg daily for 4 d) to pregnant women at term failed to reduce
significantly the spontaneous contractility or the uterine
response to oxytocin (27). Intravenous administration of
progesterone as a single dose (100 mg) did not significantly
modify the progression of oxytocin-induced labor (28), while
some partial suppression of uterine activity by progesterone
administered intraamniotically was reported (29). However,
synthetic progesterones such as 17a-hydroxyprogesterone
caproate, injected intravenously, or medroxyprogesterone
acetate, administered intramyometrially, produced an in-
hibitory effect (30,31).

The lack of inhibitory response in vivo could possibly
result from an insufficient amount of administered proges-
terone (considering that 280 mg/d of progesterone is pro-
duced in late pregnancy), or the route of administration led
to a decrease in progesterone bioavailability. In addition,
many variables could be influencing the absorption of pro-
gesterone owing to its physicochemical properties, i.e., its
low dissolution rate. In fact, in some of these reports, the
steroid was administered in a milky solution or colloidal
suspension.

Effect of Other Steroids on Myometrial Activity

Estrogens

Reynolds (32) found the effect of estrogen on the in vivo
uterine activity of rabbits to increase contractility. Later
studies in vitro (/5) and in vivo (16), using rabbits, revealed
that the estrogen-dominated uterus has a longer contrac-
tion cycle and, regarding the relation of stimulus frequency
to tension, exhibits a positive staircase phenomenon. The
uteri of ovariectomized animals in vitro, on the other hand,
exhibit no staircase phenomenon. However, studies in vitro
with pregnant rats demonstrated a biphasic effect induced
by estradiol; at high concentrations (10-15 pg/mL) there is
an inhibitory effect, but lower concentrations (0.2 pg/mL)
favor the action of oxytocin (33). By contrast, it has been
reported that the spontaneous activity in vitro of nonpreg-
nant rats is inhibited in a concentration-dependent manner
by estrogens (34,35) and catecholestrogens (36).

The importance of estrogens in human pregnancy is also
controversial. Intravenous infusion of estradiol-induced
spontaneous labor required significantly lower doses of iv
oxytocin for labor induction (37), while Jarvinen et al. (38)
reported a facilitation of onset of labor by estrogens. By
contrast, Klopper and Dennis (39) found no effect of estro-
gen on the duration of labor, while estradiol, at high con-
centrations (10-15 pg/mL), reduced the frequency of con-
tractions in vitro (40). It is important to consider that all of
these studies have reported the effect of estradiol at high
doses, when compared with its plasma levels (16 ng/mL) in
late gestation.

In summary, characterization of the effect of estrogens
on uterine contractility remains unclear. However, from

the divergent observations reported, one can conclude that
estrogens, in particular 17B-estradiol, induce a relaxing ef-
fectin vitro, whereas in vivo the effect could be stimulating
(oxytocic effect). The oxytocic response could be the result
of an indirect effect on the uterine smooth muscle. For
instance, evidence indicates that estrogens are involved in
controlling the increase in receptor concentration for sev-
eral uterotonic agents including oxytocin (41,42), prostag-
landins (43—45), serotonin (46), and catecholamines (47,48).
In particular, estrogens increase the o-adrenoceptors’ con-
centration, which results in a consequent decrease in sensi-
tivity to the relaxing effects of B-adrenergic agonists (49-51).
Moreover, it is known that estrogen acts in vivo and in vitro
to promote a number of events that are temporally related
to the onset of labor in women and other mammalian spe-
cies; these include the stimulation of prostaglandin produc-
tion in decidua/endometrium, the formation of gap junctions,
and the synthesis of oxytocin receptors (52,53).

Progestins, Androgens, and Corticosteroids

With respect to testosterone, in 1937, Robson (54) re-
ported an inhibitory effect induced by this hormone in the
isolated rabbit uterus. However, apart from progesterone
and estradiol, the potential effect of other steroids on myo-
metrial contractility received little attention.

It is only recently that in vitro studies have established a
progesterone-like effect on the spontaneous uterine contrac-
tility of rats induced by a wide series of steroids. Progestins
such as progesterone, 200-hydroxy-4-pregnen-3-one, and
dihydro- and tetrahydroprogestins, induced relaxation in
nonpregnant (55) and pregnant (56) rats. Androgens, includ-
ing testosterone and its 5-reduced metabolites, are able to
produce relaxation in nongravid rat uterus (57). Moreover,
corticosteroids (170-hydroxyprogesterone, deoxycortico-
sterone, and 11-deoxycortisol) cause some inhibition of
contractility in nonpregnant rat uterus (58).

In summary, the analysis of these data indicates that some
5-reduced metabolites such as 5B-progestins (53-pregnane-
3,20-dione, 3B-hydroxy-5B-pregnan-20-one, 3o-hydroxy-
5B-pregnan-20-one) and Sai- and 5B-androgens (5a- and 5[3-
dihydrotestosterone, androsterone, and androstanediol) are
markedly more potent relaxants than their A4,3-keto precur-
sors (progesterone or testosterone), while some S0l isomers
of progestins (5a-pregnane-3,20-dione and 3B3-hydroxy-50.-
pregnan-20-one) are ineffective or have only slight potency.
Corticosteroids inhibit some contractility at millimolar con-
centrations, when compared with the potent relaxing effect
induced by progestins and androgens at micromolar con-
centrations. Interestingly, deoxycorticosterone produces a
concentration-dependent biphasic effect; that is, high con-
centrations (millimolar range) elicit inhibition of contrac-
tility, whereas low concentrations (nanomolar range) pro-
duce excitation (58). These and other results (59,60) deter-
mined the importance of 5-reduced metabolites on uterine
contractility, in which progesterone plays a role as a pro-



Vol. 15, No. 1

Nongenomic Action of Steroids / Perusquia 65

hormone. In addition, these studies have established an inter-
esting chemical structure-biologic activity relationship.

Progesterone and testosterone possess a A4,3-keto struc-
ture (progestins, androgens, and adrenal steroids), but the
potency of their metabolites to induce uterine relaxation
seems to be variable depending on their o/p configuration
at C5 and subsequently 30~ or 33-hydroxylation. Therefore,
the 5B-reduction in the A-ring gives an optimal activity,
whereas the relaxant potency of the 5o configuration is
highly dependent on the subsequent 3-reduction. This inter-
esting correlation has also been verified by the relaxing
efficacy of these metabolites on uterine contractions induced
by potassium (59,60), oxytocin (61), prostaglandins (62),
serotonin (63), and acetylcholine (64). The high relaxing
potency on spontaneous contractions induced by some 5-
reduced progestins was also confirmed in the rabbit by 3o.-
hydroxy-5a-pregnan-20-one, called by others allotetrahy-
droprogesterone or tetrahydroprogesterone (65).

Recently, the relaxing effect of some 5-reduced proges-
tins has been studied using human myometrium in vitro. The
spontaneous contractility was not significantly inhibited by
two 50i-progestins (66,67), whereas 5B-pregnane-3,20-dione
and 3o-hydroxy-5o-pregnan-20-one were more potent re-
laxants than progesterone (68). It has also been reported that
5B-pregnan-3,20-dione (5B-dihydroprogesterone) is able
to prevent both the spontaneous and the oxytocin-induced
contractions in human myometrium in vitro (69). These data,
taken together with the results from rat studies, raise the
possibility that the progestins with a 5f configuration are
very effective in inducing uterine relaxation.

On the other hand, the relaxing effect of progesterone
and several of its metabolites has been shown in nonuterine
smooth muscle. In this respect, contractile inhibition is
induced by both progesterone and estrogens in the urinary
tract and regional gastrointestinal tissues (70-72), and by
estrogens in different vascular beds including the uterine
vasculature (73—75). The 5-reduced progestins and andro-
gens are able to reduce the spontaneous contractility of guinea
pigileum (76), as well as the contractile response produced
by barium in the rat epididymis and seminal vesicles (77), by
histamine or carbachol in guinea pig trachea (78), and by
norepinephrine (79), potassium, and calcium (80) inrat aorta.
Indeed, all these studies have shown the ability of 5-reduced
metabolites to induce smooth muscle relaxation.

The 5-reduced natural progestins, pregnanolones, and
pregnanediones have long been recognized by their anes-
thetic effects (81). Certainly, the 5B-reduced compounds
are more potent than the So-epimers in eliciting changes in
brain electrical activity (82) and relaxing smooth muscle
(55,57,59,60,68,76,78,79,82).

All of these in vitro studies have shown the effect of ste-
roids in smooth muscle tissues at the micromolar range, as
a consequence of their low solubility in the bath solution
(estimated from their physicochemical properties). How-
ever, it is also important to consider that in human late ges-

tation the total secretion of placental progesterone is about
280 mg/d (approx 158 uM/d), even higher than the effec-
tive concentrations of steroids to induce inhibition of uter-
ine contractility.

Synthetic Steroids and Antihormones

In addition to the relaxing effect induced by endogenous
steroids, a few studies have examined the potential relax-
ing effect induced by synthetic steroids on uterine contrac-
tility as it correlates with the uterine quiescence promoted by
progesterone. For instance, some synthetic progestins (170-
hydroxyprogesterone caproate and medroxyprogesterone
acetate) have been reported to have a uterine-relaxing effect
in humans (30,31), as do some aminoestrogens (34).

Althesin (alphaxolone), an anesthetic steroid whose active
component is 3o-hydroxy-5a-pregnane-11,20-dione, and
its 5B isomer (3o-hydroxy-5B-pregnan-11,20-dione) also
have relaxing properties in vitro on spontaneous rat uterine
contractions (83). These anesthetic steroids (neuroactive ste-
roids) are related chemically to pregnanolones and differ
only in the 11-oxo radical.

Perusquia and Kubli-Garfias (84) have reported that the
antihormone mifepristone (RU 486, 17B-hydroxy-113-4-
dimethylaminophenyl-17c-[1 propynyl]-estra-4,9-dien-3-
one) produces an instantaneous relaxing effect, higher than
that induced by progesterone at the same concentration, on
uterine contractility of rat, subsequently followed by an
increase in contractility several minutes later. Their study
suggests that the relaxing effect observed could take place
before the action at the receptor-genome level (genomic
action) through a nongenomic mechanism.

On the other hand, it is generally accepted that RU 486 eli-
cits uterine contractions, since in humans RU 486 enhances
uterine contractions in early pregnancy (85), and its use for
favoring labor in delayed cases has been successful, short-
ening the time to complete delivery, decreasing the amount
of oxytocin needed and the amount of pain (86). Neverthe-
less, there are some contradictions. For example, clinical
use of RU 486 for pregnancy interruption, and evacuating
the product of conception, requires a small dose of prostag-
landins subsequent to the development of antiprogesterone
action (85-87). This type of treatment in women indicates
that RU 486 requires the assistance of a uterotonic agent to
complete the process owing to the fact that the antihormone
might, as a first step, be inducing uterine relaxation. In agree-
ment with this is the report that, in monkeys, RU 486 pro-
duces only light contractions, insufficient to induce labor
(88). Other research has demonstrated that RU 486 treat-
ment during late pregnancy in the rhesus macaque resulted
in a transient decrease in uterine activity that occurred dur-
ing the early morning hours immediately following the first
dose of RU 486. Eight hours after treatment, uterine con-
tractility increased progressively (long duration, low fre-
quency, and high amplitude) but remained as a type of con-
traction pattern that was insufficient to induce delivery (89).
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To explain the uterotonic effect of RU 486, it has been
demonstrated that RU 486 increases the formation of gap
junctions between myometrial cells in rats (90) and guinea
pigs (91), which is in direct contrast with the inhibition in
the formation of gap junctions induced by progesterone (92).
Therefore, a relaxing (nongenomic) effect may be the pri-
mary mechanism of RU 486 and an increase in gap junctions
may be the secondary mechanism. However, more studies
are required to clarify the complex role that this compound
plays in uterine contractility.

It is known that some antiestrogens decrease uterine
tone (93,94). Tamoxifen in vitro reduces oxytocin-induced
contractions in the rat uterus (95). In addition to tamoxifen
and its quaternary analog (tamoxifen ethyl bromide), other
nonsteroidal antiestrogens such as clomiphene, nafoxidine,
and ethamoxytriphetol, as well as the steroidal antiestrogen
ICI 164,384, have been studied on rat uterine contractions
(96). These drugs inhibited contractions induced by oxyto-
cin, calcium, methacholine, prostaglandin F,, (PGF,,), and
KCI. Therefore, the inhibitory effect of antiestrogens on ute-
rine contractility has been described as independent of their
binding to the intracellular estrogen receptor (ER), which
could be mediated by an action to block calcium entry. In
addition, tamoxifen may induce other actions at different
levels that indirectly lead to uterine contractility; in fact,
antiestrogens may reduce the release of prostaglandins (97).

Mechanism of Action

Much of our understanding of the regulation of uterine
contraction by progesterone and its metabolites, as well as
their mechanism of action, comes from studies of other ex-
citable tissue, also the target of steroids, such as the central
nervous system (CNS). The classic studies from Selye (81,
98) indicated that a wide series of steroids may decrease the
excitability of CNS by inducing anesthesia. Moreover, they
are able to produce, by a nongenomic action, sedative/hyp-
notic and anticonvulsant effects (99—101 ). There have since
been numerous observations of steroid-induced changes in
neuronal activity occurring with a latency from seconds to
a very few minutes; these are direct actions and not medi-
ated by intracellular receptor occupancy (102—104).

In this respect, it has been shown that the latency for the
relaxing effect of steroids on uterine contractility is instan-
taneous (<1 min), reversible (the effect disappears after the
steroid is removed from the tissue), not modified by inhib-
itors of protein synthesis and transcription, and can be ex-
plained as a nongenomic (membrane) action (59, 105) (Fig.
1). Nevertheless, the cellular or molecular basis of steroid
action on uterine smooth muscle contractility has not yet
been satisfactorily explained.

The mechanism presumably involved in the nongenomic
relaxing effect of progesterone and its metabolites on uter-
ine contractility is related to the blockade of extracellular
calcium entry by inactivating the calcium channels (voltage-
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Fig. 1. (A) Typical tracing of spontaneous contractility in isolated
rat uterus. Note that the immediate relaxing effect of steroid (5f3-
reduced metabolite at 4.6 uM) is reversed after washout (W),
showing that the steroid effect was reversible. (B) Characteristics
of steroid action in the uterine smooth muscle cell. Nongenomic
Effects: rapid in onset (seconds, minutes), short in duration, fol-
lowing disappearance of steroid from the tissue, not modified by
antihormones or inhibitors of protein synthesis. Genomic Effects:
slower in onset (minutes, hours), longer in duration, and persis-
tence of effects after steroid is removed from tissue.

and receptor-activated calcium channels), the interaction
of steroids with some membrane receptors (GABA, and
oxytocin receptors), the interaction of steroids with plasma
membrane steroid receptor, and the interaction with intra-
cellular steroid receptors (genomic action through steroid
receptor) (Fig. 2).

Does the Nongenomic Relaxing Action of Steroids
Involve an Interaction with Calcium Channels?

It has been postulated that some ions are involved in the
mechanism of action of steroids. For instance, it was described
that estrogens are able to reduce the uptake of calcium by
myometrial mitochondria, and progesterone decreases the
calcium retention by the myometrium (/06,107). In recent
years, it has been proposed, concurrently, that the mecha-
nism of action of A4,3-keto and the 5-reduced metabolites
to induce uterine relaxation might be achieved by blocking
the external calcium influx into the smooth muscle cell.
This hypothesis is supported by the fact that steroids relax
the KCl-induced tonic contraction in a concentration-depen-
dent manner (59,60, 108). In the depolarized myometrium,
the addition of calcium to the media causes contraction and
is reduced in a concentration-response manner by the pres-
ence of steroids. This shows an effect resembling that pro-
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Fig. 2. Schematic model of the possible mechanism of action hypothesized for steroids to induce uterine relaxation. Steroid as a calcium
blocker by inhibiting the extracellular calcium influx into the cell to inactivate (1) voltage-operated calcium channels and (2) receptor-
operated calcium channels. (3) Steroids bind to distinct membrane receptors to inhibit the agonist function, (4) steroids bind to plasma
membrane steroid receptor to complement the transcriptional actions of the intracellular receptor, and (5) steroids diffuse inside the cell
to bind the intracellular progesterone receptor (PR) and activate transcription.

duced by a typical calcium-entry blocker (verapamil) and
suggests that steroids might have a calcium-antagonistic
property (59). Steroid-induced relaxation is reversed by cal-
cium (60,108) and calcium ionophores (A-23187 and X-
537A) (59). These findings suggest that the relaxing effect
of steroids on uterine contractility is a consequence of cal-
cium-entry blockade by inactivation of voltage-operated
calcium channels (VOCs) (59).

Apart from the VOCs that may be directly involved in
the steroid action, other channels may play a significant
role in determining the relaxing effect of steroids by regu-
lating the external calcium influx. For instance, the inter-
action of excitatory agonists with their specific membrane
receptors is able to open the receptor-operated calcium chan-
nels (ROCs) to induce calcium influx in smooth muscle cells
(109,110). It has been reported that endogenous steroids
(A4,3-keto and the 5-reduced metabolites) with significant
relaxant potency may also prevent or inhibit the contrac-
tions induced by serotonin (63), acetylcholine (64), PGE,
and PGF,, (62), and oxytocin (6/) in the isolated rat uterus
(Fig. 3). Recently, it has been demonstrated that a 53-re-
duced progestin (5B-pregnane-3,20-dione) antagonizes the
oxytocin-induced contractions in human myometrium in
vitro (69). In summary, the referenced works in rat uterus
have suggested that potent relaxation induced by steroids
in uterine tissue precontracted by the aforementioned utero-

tonic agents implies a reduction in extracellular calcium
influx by inactivation of ROCs.

Indeed, pharmacologic evidence indicates that steroids
have similar relaxant effects on contractions induced by
activation of both ROCs and VOCs, and this may imply that
steroids are blocking the calcium entry of both (Fig. 2, steps
1 and 2).

In support of this view, it has been proposed that the
relaxing effect of steroids in other smooth muscle prepara-
tions is also associated with the prevention of calcium in-
flow (78,80,111). Furthermore, it has been reported that
estrogens are blocking the VOC:s in the pig (//2,113) and
gilt (114) uterine vasculature, and in rabbit isolated coro-
nary preparations (//5). Additionally, a direct inhibitory
effect of estradiol on voltage-dependent calcium currents
has been demonstrated in A7r5 vascular smooth muscle cells
line (116), and in coronary and tail artery myocytes (117,
118). It has also been found that some neurosteroids can
rapidly and reversibly suppress voltage-gated calcium cur-
rents in hippocampal neurons (7/9).

Is the Nongenomic Relaxing Action of Steroids
Related to an Interaction with Membrane Receptors?

The mechanism of action of progesterone and its metabo-
lites to induce their nongenomic effect in depressing cellular
excitability has been the subject of controversy. A large body



68 Nongenomic Action of Steroids / Perusquia

Endocrine

10 mN];.___'_MW_/

5 min A\ L 0N
Oxy Oxy
M PREEETICIVVY
) ® A
PGEz PGEZ
® A
"PGFZQ PGF,,
) o 'y
S-HT 5-HT
1 °
ACh XCh

Fig. 3. Contractile responses induced by uterotonic agents: oxy-
tocin (Oxy, 100 pM), PGE, (1.1 uM) and PGF, (0.8 uM), seroto-
nin (5-HT, 10 uM), and acetylcholine (ACh, 100 uM) in the
isolated rat uterus. The contractions were antagonized by steroid
in a concentration-dependent manner. The solid black line indi-
cates the incubation time of 5B-progestin, added at its IC, calcu-
lated for each uterotonic agent (12.5 pM Oxy, 4.8 uM 5-HT, 9.0
uM ACh, 25 uM PGE, and PGF, ). Circles represent the time of
washout. (Adapted from refs. 6/-64.)

of data has shown that in the CNS, some neurosteroids and
neuroactive steroids interact with GABA 4, receptors and mod-
ulate the function of associated chloride channels since the
steroids are able to bind and potentiate the GABA , receptor
in the brain. This interaction has been proposed as the mech-
anism of the anesthetic effect of those steroids (/20-122).

Consequently, it has been suggested that the uterine-relax-
ing effect induced by 3o-hydroxy-5a-pregnan-20-one in
rabbit (65), by this progestin and 3B-hydroxy-53-pregnan-
20-one inrat (123), is mediated through the GABA , system.
By contrast, other results (60) do not support an interaction
of steroids with GABA 4 receptors since GABA and musci-
mol (a GABA , receptor agonist) from 1 pM to 1 mM failed
to produce any response on uterine contractility in preg-
nant, nonpregnant, and estrogenized rats, suggesting that
the GABA 4 receptors are not involved in the physiologic
modulation of contractility in the rat uterine musculature.
Collaterally, in this study (60) it was also determined that
bicuculline and picrotoxin (GABA, receptor antagonists)
failed to block the uterine-relaxing effect of progesterone,

testosterone, and a wide series of their 5-reduced metabo-
lites, including the two steroids previously associated with
the GABA  receptor as the locus of their action (see refs.
65,123). However, this finding is in partial agreement with
the study of Putnam et al. (/23), who found that picrotoxin
did not block the relaxation induced by progesterone and
5B-pregnane-3,20-dione. Probably the controversy over
these finding is owing to species difference (rabbit and rat)
or to the different experimental conditions. Likewise, bicu-
culline and picrotoxin also failed to block relaxation induced
by progestins and androgens in vascular (79) and airway
(78) smooth muscle.

On the other hand, it has been proposed that the effect
of progesterone on uterine sensitivity to oxytocin involves
direct nongenomic action of progesterone on the uterine oxy-
tocin receptor (OTR). In a recent study, Grazzini et al. (124)
showed that progesterone inhibits oxytocin binding to OTR-
containing membranes in vitro and suppresses oxytocin-
induced inositol phosphate production and calcium mobili-
zation in the rat. However, oxytocin binding to the human
OTR was unaffected by progesterone but was altered by its
metabolite 5B-pregnane-3,20-dione. Their report suggested
a direct interaction between a steroid hormone and a mem-
ber of the large class of G-protein-coupled receptors (OTR).

Taken together, these findings infer the possibility of direct
interaction of steroid hormones with specific membrane
receptors to GABA or oxytocin (Fig. 2, step 3). However,
this hypothesis is little supported by the evidence that ste-
roids also antagonize uterine contractions induced by KCI
(59,60), serotonin, prostaglandins, and acetylcholine (62—
64). This is indicative of steroids not acting selectively on
any kind of receptor as they inhibit contractions induced by
different uterotonic agents, related or not, to membrane re-
ceptors. In fact, because of chemical differences among the
variety of excitatory agonist receptors and steroids, the ste-
roids probably do not bind at the same site. Decreased bind-
ing of oxytocin in the presence of steroids may be owing
to conformational changes, i.e., membrane stabilization in
myometrial plasma membranes induced by steroids. Thus,
they are acting at the same time on different membrane pro-
teins (Fig. 2). In addition, the possibility of an interaction
of steroid hormones with inhibitory H,-histaminergic or 3,-
adrenergic receptors can be dismissed since their specific
antagonists did not block the relaxing effect of steroids (59).

Nevertheless, there may be other mechanisms by which
steroids interact with cell membrane proteins to effect cel-
lular actions. Pietras and Szego (/25) identified a plasma
membrane ER in uterine cells, which responded to estradiol
with the increased production of the second-messenger
cyclic adenosine monophosphate. The actions of the mem-
brane ER in some ways are unique but, in other instances,
precede and complement the transcriptional actions of the
nuclear ER (Fig. 2, step 4). Paralleling this, evidence has
emerged that other steroid receptors may exist in the mem-
brane and exert rapid cellular effects. These include proges-
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terone, mineralocorticoids, glucocorticoids, and 1,25 vita-
min D; however, the plasma membrane receptor has not
been isolated (126).

Is the Uterine-Relaxing Effect of Steroids
Related to Intracellular Receptor Occupancy?

Another line of evidence demonstrating the role of pro-
gesterone and its metabolites on uterine activity is based on
progesterone antagonist action. In a single previous study
on the combination of RU 486 and steroid administration
in rat uterus in vitro, the effect of only two progestins (53-
pregnane-3,20-dione and progesterone) was blocked, sug-
gesting that their action was mediated through the PR (723)
(Fig. 2, step 5). This suggestion is inconsistent with the
nongenomic action indicated by the uterine-relaxing effect
of the steroid, in which the effect is instantaneous, termi-
nates when the steroid is removed from the tissue, and is
not blocked by inhibitors of protein synthesis, as well as by
a complementary report that RU 486 did not block the relax-
ing effect of progesterone and several 5-reduced progestins
in isolated human myometrium at term (68). Thus, the pos-
sibility that steroids may act at the genomic level to inhibit
uterine contractility has not yet been raised.

By contrast, PRs are present in abundance in uterine
tissue from nonpregnant women and women in early preg-
nancy and are decreased with the advance of pregnancy to
undetectable concentrations at term (/27). Proportionally
inverse, there is a progressive increase in progestin plasma
levels throughout gestation (Fig. 4). In this context, it is in-
teresting that the steroid genomic way is not a necessary step
in their mechanism of action to induce uterine quiescence.

In the present review, we have seen that natural steroids,
particularly 5B-pregnane-3,20-dione, have been associated
with different sites of action (calcium channels, membrane
receptors, and intracellular PR (see Fig. 2). These findings
are consistent with the possibility that progesterone and its
metabolites have more than one effect on uterine smooth
muscle. Therefore, steroid action involves setting into motion
achain of events that culminate in specific responses. Theo-
retically, steroids are modulating uterine contractility by
nongenomic action, before the genomic actions that induce
another physiologic response in the uterus (Fig. 1).

Progesterone Metabolism

Progesterone is secreted from the adrenal, the corpus lut-
eum, and the placental trophoblast. Part of progesterone
formed in the placenta can be transported to the fetus, where
it is metabolized to a number of products, including 5-re-
duced metabolites such as 3a-hydroxy-53-pregnan-20-one
and 3B-hydroxy-5a-pregnan-20-one (128).

The development of A4-5a-reductase and 3o~ and 3[3-
hydroxy steroid dehydrogenase in rat fetuses and placentas
has been detected. The activities of these enzymes were
greater in the placenta than in the fetus. As pregnancy pro-
gresses, the activities increase in the fetus but diminish in
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Fig. 4. Progesterone and 5So-pregnane-3,20-dione (5o-dihydro-
progesterone) mean plasma levels = SD during human pregnancy.
(Data reprinted from ref. 731.)

the placenta. Although the placenta secretes only marginal
amounts of progesterone, it has a notable capacity to metab-
olize progesterone to So-reduced metabolites. The fetus
has the ability to utilize progesterone as early as d 13, and
its potential to convert progesterone into A ring—reduced
products increases during gestation (/29). Some studies
have determined that the main enzymatic activities are 50t-
reductase and 20a-hydroxysteroid dehydrogenase, and a
small amount of 5B-reductase in the rat and human uterus
in vitro (130). Thus, the major metabolites of progesterone
in pregnant women are Sa-pregnane-3,20-dione (50-dihy-
droprogesterone) and 200-dihydroprogesterone, and it has
also been shown that the concentration of progesterone and
its main 5-reduced metabolite (5Sa-dihydroprogesterone)
in blood increase greatly during pregnancy (/31) (Fig. 4).

Moreover, evidence that the 5 metabolites are found
in urine during pregnancy as 5B-pregnane-3a.,20c.-diol (preg-
nanediol), 3o-hydroxy-5B-pregnan-20-one and its 33-iso-
mers (128,132,133), as well as the presence of 5B-preg-
nane-3,20-dione in myometrium (/34) implies that proges-
terone was metabolized toward 5@ compounds, which in-
dicates the presence of 53-reductase, identified in rat (135)
and human uterus (/36,137).
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Thereafter, the 5-reduction of the A ring allows the subse-
quent 30~ or 3B-reduction of the 3-oxo group by the 30~ or
3B-hydroxy steroid oxidoreductase. However, the distribu-
tion of each enzyme and their different isoforms regarding
hormonal status in the uterus and other tissues needs to be
examined.

The fact that the 5-reduced steroids are detected in the
female reproductive system and their serum levels are pro-
gressively increased throughout gestation (/31/) is consis-
tent with the possibility that these metabolites are inducing
uterine relaxation during pregnancy. Therefore, uterine con-
tractility might be modulated by progesterone accompa-
nied by those 5-reduced metabolites, negating the concept
that they are just hormonally inactive excretion products.
In addition, the metabolites from progesterone possess struc-
tural similarities (cyclopentenophenanthrene), which may
explain their relaxing progesterone-like action, in some cases
with higher potency than their precursor, progesterone, ow-
ing to certain chemical alterations discussed previously.

Conclusion

The old concept that parturition is solely effected by
progesterone withdrawal is too simple to account for the
precision in which the process occurs. It still clearly forms
the basis of our thinking for different species of mammals,
including human. We have seen that progesterone and its 5-
reduced metabolites may modulate uterine activity by in-
ducing uterine relaxation. From pharmacologic evidence,
one could suggest a nonspecific membrane (nongenomic)
effect, which may have a mechanism involving calcium
fluxes. However, the reports indicate that multiple mecha-
nisms exist in the uterus for inhibiting uterine contractility
by progesterone and its metabolites. Future systematic stud-
ies will have to consider both the nongenomic and genomic
effects of steroids. New synthetic derivatives should allow
their therapeutic use as tocolytic agents with significant rele-
vance in gynecology and obstetrics.

Acknowledgments

I wish to thank Dr. Miles J. Novy for comments and
Drew W. Sadowsky, Ph.D. for his valuable discussion. This
work was supported by the Fogarty International Center Train-
ing Grant in Reproduction (NIH TW00668), and CONACyT
and DGAPA, programs for sabbatical year.

References

1. Fraenkel, L. (1903). Arh. Gynaek. 68, 438-535.

2. Corner, G. W. and Allen, W. M. (1929). Am. J. Physiol. 88,
326-339.

3. Knaus, H. H. (1926). J. Physiol. (Lond.) 61, 383-397.

4. Knaus, H. H. (1929). Z. Geburtsh. Gynaek. 94, 219-232.

5. Reynolds, S. R. M. and Allen, W. M. (1932). Am. J. Physiol.
102, 39-43.

6.
7. Allen, W. M. and Corner, G. W. (1929). Am. J. Physiol. 88,

8.
9.

10.

19.

20.
21.
22.
23.

24.

25.
26.
217.
28.

29.

30.
31.

32.
33.

34.

35.
36.
37.
38.

39.
. Kumar, D., Wagatsuma, T., Sullivan, W. J., and Barnes, A. C.

41.

Klein, M. and Klein, L. (1933). Soc. Biol. 112, 821-825.

340-346.

Reynolds, S. R. M. (1930). Am. J. Physiol. 92, 420-429.
Butenandt, A. and Westphal, U. (1934). Hormons Ver Deutsch
Chem. Ges. 67, 1440-1442.

Makepiece, A., Corner, G., and Allen, W. M. (1935). Am. J.
Physiol. 115, 376-385.

. Allen, W. and Reynolds, S. (1935). Am. J. Obstet. Gynecol.

30, 309-318.

. Robson, J. M. (1935). J. Physiol. 84, 296-301.
. Robson, J. M. (1935). J. Physiol. 85, 145-148.

Robson, J. M. (1936). J. Physiol. 90, 145-154.

. Csapo, A. I. and Corner, G. W. (1952). Endocrinology 51,

378-385.

. Schofield, B. (1955). J. Physiol. (Lond.) 129, 289-304.
. Csapo, A. I. (1956). Am. J. Anat. 98, 273-291.
. Csapo, A. L. (1961). In: Progesterone and the defence mecha-

nism of pregnancy. Ciba Foundation Study Group No. 9.
Wolstenholme, G. E. W. and Cameron, M. P. (eds.). Little,
Brown: Boston.

Csapo, A. L. (1961). In: Mechanism of action of steroid hor-
mones. Ville, C. A. and Engel, L. L. (eds.). Pregamon: Ox-
ford, UK.

Marshall, J. and Csapo, A. (1961). Endocrinology 68, 1026—
1035.

Amoroso, E. C. and Finn, C. A. (1962). In: The ovary, vol. I.
Uckerman, S. (ed.). Academic: New York.

Berger, E. and Marshall, J. (1961). Am. J. Physiol. 201, 931—
934.

Csapo, A. 1. and Weist, W. (1969). Endocrinology 85, 735—
746.

Csapo, A. L. (1977). In: The fetus and birth, Ciba Foundation
Symposium. Knight, J. and O’Connor, M. (eds.). Elsevier:
Amsterdam.

Csapo, A. I. (1961). In: Oxytocin. Caldeyro-Barcia, R. and
Heller, H. (eds.). Macmillan (Pergamon): New York.
Kumar, D., Goodno, J. A., and Barnes, A. C. (1962). Am. J.
Obstet. Gynecol. 84, 1111-1115.

Caldeyro-Barcia, R. and Poseiro, J. J. (1960). Clin. Obstet.
Gynecol. 3, 386-408.

Fielitz, C. A. and Pose, S. V. (1957). Segundo Congr. Gineco-
logia (Montevideo) 11, 374-382.

Hendricks, C. H., Brenner, W. E., Sabel, R. A., and Kerenyi, T.
(1961). Brook Lodge Symposium (“Progesterone”), Augusta,
MI, pp. 53-64.

Bengtsson, L. P. (1962). Acta Obstet. Gynecol. Scand. 41,
124-143.

Wood, C., Elstein, M., and Pinkerton, J. H. M. (1963).
J. Obstet. Gynaecol. Br. Commun. 70, 839-846.

Reynolds, S. R. M. (1931). Am. J. Physiol. 97, 706-721.
Kumar, D. (1967). In: Cellular biology of the uterus. Wynn,
R. M. (ed.). Appleton-Century-Crofts: New York.

De la Pefia, A., Lépez y Lopez, L., Ibanez, R., Rubio-Péo, C.,
Mandoki, J. J., and Perusquia, M. (1991). Proc. West. Pharma-
col. Soc. 34, 85-87.

Ferndndez, A. 1., Martinez, V., Cantabrana, B., and Hidalgo,
A. (1992). Gen. Pharmacol. 23, 549-554.

Goyache, F. M., Gutierrez, M., Hidalgo, A., and Cantabrana,
B. (1995). Gen. Pharmacol. 26, 219-223.

Pinto, R. M., Leon, C., Mazzocco, N., and Scasserra, V.
(1967). Am. J. Obstet. Gynecol. 98, 540-546.

Jarvinen, P. A., Luukkainen, T., and Viisto, L. (1965). Acta
Obstet. Gynecol. Scand. 44, 258-264.

Klopper, A. I. and Dennis, L. K. (1962). BMJ 2, 1157-1159.

(1964). Am. J. Obstet. Gynecol. 90, 1355-1359.
Fuchs, A.-R., Periyasamy, S., Alexandrova, M., and Soloff,
M. S. (1983). Endocrinology 113, 742-749.



Vol. 15, No. 1 Nongenomic Action of Steroids / Perusquia 71
42. Soloff, M. S. (1990). In: Uterine function: molecular and cel- 76. Kubli-Garfias, C., Medina-Jiménez, M., Garcia-Yaiez, E.,
lular aspects. Carsten, M. E. and Miller, J. D. (eds.). Plenum: Vazquez-Alvarez, A., Perusquia, M., Gomez-Garcia, N.,
New York. Almanza,]., Ibafiez, R., and Rodriguez, R. (1987). Acta Physiol.
43, Sullivan, T.J. (1966). Br. J. Pharmacol. Chemother. 26,678— Pharmacol. Latinoam. 37, 357-364.
689. 77. Kubli-Garfias, C., Hoyo-Vadillo, C., and Ponce-Monter, H.
44. Hawkins, R. A., Jessuo, R., and Ramwel. P. W. (1967). In: (1983). Proc. West. Pharmacol. Soc. 26, 31-34.
Prostaglandin symposium. Ramuel, P. and Shaw, J. E. (eds.). 78. Perusquia, M., Herndndez, R., Montafio, L. M., Villalén, C. M.,
Worchester Foundation for Experimental Biology: New York. and Campos, M. G. (1997). Biochem. Physiol. 118C(1), 5-10.
45. Mitolo-Chieppa, D., Alcino, L., and Lograno, M. (1978). 79. Perusquia, M., Hernandez, R., Morales, M., Campos, M., and
Pharmacol. Res. Commun. 10, 205-211. Villalén, C. M. (1996). Gen. Pharmacol. 27(1), 181-185.
46. Ichida, S., Oda, Y., Tokinaga, H., Hayashi, T., Murakami T., 80. Perusquia, M. and Villalén, C. M. (1999). Eur. J. Pharmacol.
and Kita, T. (1984). J. Pharmacol. Exp. Ther. 229, 244-249. 371, 169-178.
47. Tsai, T. H. and Fleming, W. W. (1964). J. Pharmacol. Exp. 81. Selye, H. (1942). Endocrinology 30, 437-456.
Ther. 143, 268-272. 82. Kubli-Garfias, C. (1984). Trends Pharmacol. Sci. 5, 439-442.
48. Marshall, J. M. (1970). Ergeb. Physiol. 62, 6-67. 83. Perusquia, M., Lépezy Lépez, L., and Kubli-Garfias, C. (1991).
49. Roberts, J. M., Insel, P. A., and Goldfien, A. (1981). Mol. Proc. West. Pharmacol. Soc. 34, 275-278.
Pharmacol. 20, 52-58. 84. Perusquia, M. and Kubli-Garfias, C. (1994). Life Sci. 54(20),
50. Riemer, R. K., Goldfien, A., and Roberts, J. M. (1987). Mol. 1501-1506.
Pharmacol. 32, 663-668. 85. Bygdeman, M. and Swahn, M. L. (1985). Contraception 32,
51. Riemer, R. K., Wu, W. Y., Bottari, S. P., Jacobs, M. M., 45-51.
Goldfien, A., and Roberts, J. M. (1988). Mol. Pharmacol. 33, 86. Baulieu, E. E. (1997). In: The uterus: endometrium and myo-
389-395. metrium. Bulletti, C., de Ziegler, D., Guller, S., and Levitz, M.
52. Casey,M.L.and MacDonal, P.C. (1988). In: Fetal and neona- (eds.). Annals of the New York Academy of Sciences: New
tal development. Jones, C. T. (ed.). Perinatology Press: Ithaca, York.
NY. 87. Aubény, E. and Baulieu, E. E. (1991). C.R. Acad. Sci. Paris
53. Challis, J. R. G. and Olson, D. M. (1988). In: The physiology 312, 539-545.
of reproduction. Knobil, E. and Neill, J. D. (eds.). Raven: 88. Wolf,J. P, Sinosich, M., Anderson, T. L., Ulmann, A., Baulieu,
New York. E.E., and Hodgen, G. H. (1989). Am. J. Obstet. Gynecol. 160,
54. Robson, J. M. (1937). Quart. J. Exp. Physiol. 26, 355-363. 45-47.
55. Kubli-Garfias, C., Medrano-Conde, C., Beyer, C., and Bon- 89. Haluska, G. J., Stanczyk, F. Z., Cook, M. J., and Novy, M. J.
dani, A. (1979). Steroids 34, 609-617. (1992). Am. J. Obstet. Gynecol. 157, 1487-1495.
56. Kubli-Garfias, C., Hoyo-Vadillo, C., Lépez-Nieto, E., and 90. Garfield, R. E., Gasc, J. M., and Baulieu, E. E. (1987). Am. J.
Ponce-Monter, H. (1983). Proc. West. Pharmacol. Soc. 26, Obstet. Gynecol. 157, 1281-1285.
115-118. 91. Chwalisz, K., Fahrenholz, F., Hackenberg, M., Garfield, R.,
57. Kubli-Garfias, C., Lépez-Fiesco, A., Pachueco, M., Ponce- and Elger, W. (1991). Am. J. Obstet. Gynecol. 165, 1760-1770.
Nonter, H., and Bondani, A. (1980). Steroids 35, 633-641. 92. Garfield, R. E., Tabb, T., and Thilander, G. (1990). In: Uterine
58. Perusquia, M., Hoyo-Vadillo, C., Kubli-Garfias, C. (1986). contractility: mechanism of control. Garfield, R. E. (ed.).
Arch. Invest. Med. 17, 203-209. Serono Symposia: Norwell, MA.
59. Perusquia, M., Garcia-Yafiez, E., Ibafiez, R., and Kubli- 93. Callantine, M. R., Humphrey, R. R., and Lee, S. L. (1966).
Garfias, C. (1990). Life Sci. 47(17), 1547-1553. Endocrinology 79, 153-167.
60. Perusquia, M. and Villalén, C. M. (1996). Life Sci. 58(11), 94. Martin, L. (1981). In: Non-steroidal antioestrogens. Suther-
913-926. land, R. L. and Jordan, V. C. (eds.). Academic: Sidney, Australia.
61. Perusquia, M. and Campos, G. (1991). Med. Sci. Res. 19, 177— 95. Lipton, A., Vinigsanum, A., and Martin, L. (1984). J. Endo-
179. crinol. 103, 383-388.
62. Perusquia, M. and Kubli-Garfias, C. (1992). Prostaglandins 96. Cantabrana, B. and Hidalgo, A. (1992). Pharmacology 45,
43,445-455. 329-337.
63. Perusquia, M., Campos, G., Corona, J., and Kubli-Garfias, C. 97. Fenwick, L., Jones, R. L., and Naylor, B. (1977). Br. J. Phar-
(1991). Proc. West. Pharmacol. Soc. 34, 395-398 macol. 59, 191-199.
64. Perusquia, M., Corona, M., and Kubli-Garfias, C. (1991). 98. Selye, H. (1941). Soc. Exp. Biol. Med. 46, 116—121.
Proc. West. Pharmacol. Soc. 34, 89-92. 99. Gyermek, L., Iriarte, J., and Crabbe, P. (1968). J. Med. Chem.
65. Majewska, M. D. and Vaupel, D. B. (1991). J. Endocrinol. 11, 117-125.
131, 427-434. 100. Phillipps, G. H. (1975). J. Steroid Biochem. 6, 607-613.
66. Lofgren, M., Holst, J., and Bickstrom, T. (1992). Acta Obstet. 101. Craig, C. R. (1987). J. Pharmacol. Exp. Ther. 153, 337-343.
Gynecol. Scand. 71, 28-33. 102. Baulieu, E. E., Godeau, F., Schorderet, M., and Schoderet-
67. Lofgren, M. and Bickstrom, T. (1994). Acta Obstet. Gynecol. Slathrine, S. (1978). Nature 275, 596-598.
Scand. 73, 186-191. 103. Schumacher, M. (1990). Trends Neurosci. 13, 359-362.
68. Perusquia, M. and Jasso-Kamel, J. (2001). Life Sci. 68(26), 104. McEwen, B. S. (1991). Trends Pharmacol. Sci. 12, 141-147.
2933-2944. 105. Gutiérrez, M., Martinez, V., Cantabrana, B., and Hidalgo, A.
69. Thornton, S., Terzidou, V., and Blanks, C. A. (1999). Lancet (1994). Life Sci. 55, 437-443.
353, 1327-13209. 106. Batra, S. (1973). Biochem. Pharmacol. 22, 803-809.
70. Kumar, D. (1962). Am. J. Obstet. Gynecol. 84, 1300-1304. 107. Batra, S. and Bengstsoon, B. (1978). J. Physiol. 276, 329-342.
71. Bruce, L. A. and Behsudi, F. M. (1979). Life Sci. 25,729-734. 108. Hidalgo, A., Suzano, R. C., Revuelta, M. P., Sanchez-Diaz,
72. Batra, S., Bjellin, L., losif, S., Martensson, L., and Sjogren, C. C., Baamonde, A., and Cantabrana, B. (1996). Gen. Pharma-
(1985). Acta Physiol. Scand. 123, 191-194. col. 27(5), 879-885.
73. McCalden, T. A. (1975). Br. J. Pharmacol. 53, 183-192. 109. Bolton, T. B. (1979). Physiol. Rev. 59, 606-718.
74. Magness, R. R. and Rosenfeld, R. C. (1989). Am. J. Physiol. 110. Carsten, M. E. and Miller, J. D. (1987). Am. J. Obstet. Gynecol.
(Endocrinol. Metab., 19) 256, E536-E542. 157, 1303-1315.
75. Williams, J. K., Adams, M. R., and Klopfenstein, H. S. (1990). 111. Vargas, R., Thomas, G., Wroblewska, B., and Ramwell, P. W.

Circulation 81, 1680-1687.

(1989). Adv. Prostagland. Thrombox. Leukotr. Res. 19,227-280.



72

Nongenomic Action of Steroids / Perusquia

Endocrine

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Stice, S. L., Ford, S. P., Rosazza, J. P., and VanOrden, D. E.
(1987). Biol. Reprod. 36, 361-368.

Stice, S. L., Ford, S. P., Rosazza, J. P., and VanOrden, D. E.
(1987). Biol. Reprod. 36, 369-375.

Ford, S. P., Reynolds, L. P., Farley, D. B., Bhatnagar, R. K.,
and VanOrden, D. E. (1984). Am. J. Obstet. Gynecol. 150,
480-484.

Jiang, C., Sarrel, P. M., Linsay, D. C., Poole-Wilson, P. A.,
and Collins, P. (1991). Br. J. Pharmacol. 104, 1033-1037.
Zhang, F.,Ram,J. L., Standley, P. R., and Sowers, J. R., (1994).
Am. J. Physiol. 266(35), C975-C980.

Shan, J., Resnick, L. M., Liu, Q.-Y., Wu, X.-C., Barbagallo, M.,
and Pang, P. K. (1994). Am. J. Physiol. 166(35), HO67-H973.
White, R., Darkow, D. J., and Falvo-Lang, J. L. (1995). Circ.
Res. 77(5), 936-942.

ffrench-Mullen, J. M. H., Danks, P., and Spence, K. T. (1994).
J. Neurosci. 14, 1963-1977.

Majewska, M., Harrison, N., Schwartz, R., Baker, T., and
Paul, S. (1986). Science 236, 1004-1007.

Simmonds, M. A. and Turner, J. P. (1987). Neuropharmacol-
ogy 26, 923-930.

Gee, K., Bolger, M., Brinton, R., Corini, H., and McEwen, B.
(1988). J. Pharmacol. Exp. Ther. 246, 803-812.

Putnam, C. D., Darrel, W. B., Kolbeck, R. C., and Mahesh,
V. B. (1991). Biol Reprod. 45, 266-272.

Grazzini, E., Guillon, G., Mouillac, B., and Zingg, H. H.
(1998). Nature 392, 509-512.

125.

126.
127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Pietras, R. J. and Szego, C. L. (1979). J. Steroid Biochem. 11,
1471-1483.

Levin, E. R. (2000). Novartis Found. Symp. 230, 41-55.
Padayachi, T., Pegoraro, R. J., Rom, L., and Joubert, S. M.
(1990). J. Steroid. Mol. Biol. 37(4), 509-511.

Solomon, S., Bird, C. E., Ling, W., Iwamiya, M., and Young,
P. C. M. (1967). Rec. Prog. Horm. Res. 23, 297-347.
Sanyal, M. K. and Villee, C. A. (1976). Endocrinology 99(1),
249-259.

Bryson, M. J. and Sweat, M. L. (1969). Endocrinology 84,
1071-1083.

Parker, G. R., Everett, R. B., Quirk, J. G., Whalley, P. J., and
Gant, N. F. (1979). Am. J. Obstet. Gynecol. 135, 778-782.
Klopper, A. and Michie, E. M. (1956). J. Endocrinol. 13,
369-373.

Little, A. B. and Billar, R. B. (1983). In: Endocrinology of
pregnancy. Fuchs, F. and Klopper, A. (eds.). Harper & Row:
Philadelphia.

Junkermann, H., Runnebaum, B., and Lisboa, B. P. (1977).
Steroids 30(1), 1-14.

Lisboa, B. P. and Holtermann, A. (1976). Acta Endocrinol.
(Copenh.) 83(3), 604-620.

Pollow, K., Lubbert, H., Boquoi, E., and Pollow, B. (1975).
J. Clin. Endocrinol. Metab. 41(4), 729-737.

Pening, T. M., Burczynk, M. E., Jez, J. M., Hung, C. F., Lin,
H. K., Ma, H., Moore, M., Plalackal, N., and Ratnam, K.
(2000). Biochem. J. 351, 67-77.



