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myometrial smooth muscle cells in culture, is prostacyclin, a prostaglandin that acts to cause uterine quiescence. We
suggest that the immunity of amnion and decidua to the action of glucocorticosteroids may allow for the accelerated
production of prostaglandins E2 and F2 alpha, which act to cause myometrial contractions; simultaneously,
glucocorticosteroid produced in large quantities in women in labor may lead to decreased production of prostacyclin by
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Abstract

In this investigation, we sought to resolve the apparent paradox
that is posed by the fact that there is a simultaneous increase
in the production of prostaglandin and cortisol in womenduring
labor. A paradox obtains, since in most tissues, cortisol acts
to inhibit prostaglandin formation. Using previously character-
ized model systems for the in vitro study of arachidonic acid
metabolism in amnion, decidua, and myometrium, we found
that prostaglandin production by amnion and endometrial
stromal cells in monolayer culture was not decreased by
glucocorticosteroid treatment. On the other hand, prostaglandin
production by myometrial smooth muscle cells in culture was
inhibited by >90% in response to dexamethasone (10-7 M)
treatment. Importantly, the major prostaglandin produced by
myometrium, as well as myometrial smooth muscle cells in
culture, is prostacyclin, a prostaglandin that acts to cause
uterine quiescence. Wesuggest that the immunity of amnion
and decidua to the action of glucocorticosteroids may allow for
the accelerated production of prostaglandins E2 and F2., which
act to cause myometrial contractions; simultaneously, gluco-
corticosteroid produced in large quantities in women in labor
may lead to decreased production of prostacyclin by myome-
trium, thereby reducing uterine quiescence. In this coordinated
manner, the uterine contractions that culminate in delivery of
the fetus may proceed uninterrupted in the face of increased
cortisol production.

Introduction

Among the biochemical events that are characteristic of labor
and delivery in pregnant women at term, increases in the
plasma levels of cortisol (1-3) and prostaglandins (4-9) are
striking. These two phenomena almost invariably accompany
parturition in women; nonetheless, the coexistence of these
processes seemingly constitutes a biologic paradox since glu-
cocorticosteroids act, in most tissues, to effect inhibition of
prostaglandin synthesis. In Table I, a compendium of the
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results of other investigators (10-33) who have demonstrated
the effectiveness of glucocorticosteroids in the inhibition of
prostaglandin synthesis in a variety of tissues is presented. Yet,
in pregnant women in labor, in whomaccelerated production
of prostaglandins appears to be essential to the maintenance
of uterine contractions and, thereby, the successful delivery of
the fetus, there must be a means of circumventing the inhibition
of prostaglandin synthesis that commonly is associated with
glucocorticosteroid action. Weconsidered it important, there-
fore, to evaluate the effect of glucocorticosteroids on prosta-
glandin production in tissues that are believed to be those
principally involved in the biosynthesis of the prostaglandins
that are important in the initiation and maintenance of
parturition in women.

The findings of many studies (for review, 34-36) are
supportive of the proposition that, in human pregnancy, the
amnion is a key tissue in the metabolic events that lead
ultimately to the initiation of labor. It is known that in
avascular human amnion, there is a prodigious capacity for
the biosynthesis of prostaglandin (PG) E2 (37-39). Uterine
decidua vera, the specialized endometrium of pregnancy that
is derived from endometrial stroma, also is known to be a site
of PGE2 and PGF2,a synthesis (37-39). In myometrial tissue,
there also is a significant capacity for the biosynthesis of
prostaglandins. The nature of the prostaglandins biosynthesized
in myometrium, however, is different from that in amnion or
decidua vera. Specifically, myometrial tissue is known to
produce large quantities of prostacyclin (PGI2) (40-42), which,
in contrast with PGE2 and PGF2ar, acts to effect uterine
quiescence (43, 44).

The effectiveness of this coordinated pattern of prostaglandin
biosynthesis that culminates in the birth of the fetus at term
could be disrupted if cortisol, which is produced in large
amounts during labor, acted to inhibit synthesis of the pros-
taglandins that effect the contractions of the uterus. To inves-
tigate the nature of the biologic counterbalances that permit
augmented prostaglandin biosynthesis and augmented cortisol
secretion simultaneously, we evaluated the effect of glucocor-
ticosteroids on prostaglandin formation by human amnion
cells, human endometrial stromal cells, and human myometrial
smooth muscle cells that were maintained in monolayer culture.

Methods

Tissues. Human amnion tissues were obtained from placentae after
delivery at term by elective Cesarean section. Endometrial and myo-
metrial tissues were obtained from the uteri of women within 1 h of
hysterectomy that was conducted for reasons other than organic disease

1. Abbreviations used in this paper: PG, prostaglandin; PGI2, prosta-
cyclin.
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Table I. Tissues in which Glucocorticosteroids Are
Known to Act to Reduce Prostaglandin Synthesis

Tissue Species Reference

Lung Guinea pig 13, 14
Mesentery artery Rabbit 13
Fibrosarcoma cells Mouse 15
Rheumatoid synovia Human 16

Rat 17
Synovial fibroblasts Human 18
Adipose tissue Rabbit 19

Human 20
Transformed fibroblasts Mouse 21, 22
Macrophages Guinea pig 23

Mouse 24, 25
Fibroblasts Human 26

Mouse 27
Leukocytes Rat 28, 29

Rabbit 30
Kidney Rat 31
Lymphocytes Human 32
Granuloma Rat 33
Platelets Human 34
Endothelium Rat 34
Adrenal cortex Human (fetal) 35
Trabecular cells Human 36

of the tissue (endometrium or myometrium) that was obtained. Consent
in writing to use these tissues was given by the women who were to
undergo surgery; the consent form and experimental protocol were
approved by the Human Experimentation Review Committee of the
University of Texas Health Science Center.

Cells in culture. Dispersed amnion cells were prepared by enzymatic
digestion of amnion tissue as described in detail previously (45). The
cells were placed in 24-well (15-mm diam) culture plates and were
maintained in primary monolayer culture in a mixture (1:1, vol/vol)
of Dulbecco's and Ham's F12 culture medium that contained antibiotic-
antimycotic solution (1%, by volume) and heat-inactivated fetal calf
serum (10%, by volume). These cells replicate to confluence in
7-10 d.

Endometrial stromal cells were prepared as described previously
(46). Briefly, endometrial glandular epithelium and dispersed endo-
metrial stromal cells were prepared by enzymatic digestion of minced
endometrial tissue. The endometrial glands and stromal cells were
separated by filtration through a sieve that retains the glands. The
stromal cells were placed in culture flasks and were maintained in
Waymouth-enriched medium that contained Waymouth MB752/1
medium, minimum essential medium vitamins, minimum essential
medium amino acids, nonessential amino acids, antibiotics, antimy-
cotics, and fetal calf serum (10%, by volume) as described previously
in detail (46). These cells replicate to confluence and are passed by
standard methods of trypsinization, dilution, and replating also as
described previously (46). The endometrial stromal cells maintained
characteristic patterns of prostaglandin production for as many as 10
passages.

Myometrial smooth muscle cells were prepared by relatively long-
term (4-8 h) enzymatic digestion of myometrial tissue, as described in
detail previously (47). The dispersed cells were placed in culture flasks
and were maintained in Waymouth-enriched culture medium that
contained fetal calf serum (10%, by volume) and was identical with
that used for endometrial stromal cells. These cells replicated in culture
and retained characteristic patterns of prostaglandin production for as
many as 10 passages.

All cells were maintained at 370C in a atmosphere of air and CO2
(5%). Prior to the conduct of each study, endometrial stromal cells
and myometrial smooth muscle cells were placed in 24-well (15-mm
diam) culture plates. All studies were conducted with confluent cells
in replicates of six wells of cells for each experimental condition. Each
experiment was conducted with cells that were prepared from tissue(s)
that were obtained from one woman. Each study was conducted on
three or more occasions with cells prepared from tissues that were
obtained from different women. Culture media (I ml/well) corresponded
to that which was used for maintenance of each cell type. At the
commencement of the incubation period, the culture medium was
changed to one that contained ethanol (0.1% vol/vol) or dexamethasone
(dissolved in ethanol), in various concentrations (10-'-10-6 M). The
concentration of ethanol (0.1%, vol/vol) was maintained constant in
all experiments. At various times thereafter, the culture media in
different wells were collected and frozen at -200C; at each time, the
cells were rinsed with serumless medium and were frozen at -20'C
for determination of protein content.

Evaluation of prostaglandin production. PGE2, PGF20, and 6-keto-
PGF,. (the stable, nonenzymatically formed product of PG12) in the
culture media were measured by sensitive and specific radioimmu-
noassays that have been validated and described in detail (48, 49). The
total cellular protein in each well was quantified by the method of
Lowry et al. (50).

Results

The time course of PGE2 production by amnion cells in
monolayer culture is illustrated in Fig. 1. The amount of PGE2
in the culture medium was maximal after 12 h and remained
relatively constant thereafter. Dexamethasone (1O' M), when
added to the culture medium, did not cause inhibition of
PGE2 biosynthesis but, rather, resulted in a small increase in
PGE2 biosynthesis (Fig. 2). In this study, amnion cells were
treated with dexamethasone (10-7 M), and the culture media
were collected and replaced daily for 72 h. The stimulation by
dexamethasone of PGE2 production, as determined by mea-
surement of PGE2 in the media collected on day 2 and day 3,
was statistically significant (day 2, P < 0.02; day 3, P < 0.005).

The time course of PGE2 and PGF2a production by endo-
metrial stromal cells in monolayer culture is presented in Fig.
3. The amounts of PGE2 and PGF2a in the culture medium
increased in a linear fashion up to 12 h but decreased slightly
thereafter, possibly as a result of metabolism of these prosta-
glandins. PGE2and PGF2, production by confluent endometrial
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Figure 1. Time course of PGE2production (mean±SEM, n = 6) by
confluent human amnion cells in primary monolayer culture. The
culture medium was charged at zero time and was collected from
different wells at various times thereafter for assay of PGE2. Each
dish contained I ml of culture medium and 118±2 mg cell protein
(mean±SEM).
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Figure 2. Effect of dexamethasone treatment on PGE2 production
(mean±SEM, n = 6) by human amnion cells in monolayer culture.
The cells were incubated with culture media that did not or did
contain dexamethasone (10-7 M) for 24 h; thereafter, the culture
media were collected for assay of PGE2. Treatment without or with
dexamethasone was continued for 2 d. Each dish contained 1 ml of
culture medium and 127±3 mg cell protein (mean±SEM).

stromal cells that were incubated in the absence or presence
of dexamethasone ( l0-7 M) for 3 d was evaluated; the culture
medium was collected daily. Treatment with dexamethasone
(l0-7 M) did not affect either PGE2 or PGF2a, production in a
consistent manner (Figs. 4 A and B).

The time course of PGI2 (measured as the stable, nonen-
zymatically formed metabolite, 6-keto-PGF1a,) production by
myometrial cells in monolayer culture is illustrated in Fig. 5.
The amount of PGI2 in the culture medium of cells that were
not treated with dexamethasone increased during the 24-h
period of study. Dexamethasone (10-7 M), when added to the
culture medium, inhibited PGI2 production in a manner that
was apparent within 8 h of treatment (Fig. 5). The extent of
inhibition of PGI2 production was dependent on the concen-
tration of dexamethasone in the culture medium (Fig. 6). The
concentration of dexamethasone that caused a 50% reduction
in PGI2 production was between 10-9 and 10-10 M.

Discussion

An essential role for prostaglandin in the induction of the
myometrial contractions that lead to the delivery of the fetus
is well-established. Indeed, the administration of prostaglan-
din(s) to pregnant women at any stage of gestation, by any of
a number of different routes, leads to the onset of labor (51,
52). In addition, prostaglandin synthase inhibitors, when ad-
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Figure 3. Time course of PGE2and PGF2a production (mean±SEM,
n = 6) by confluent human endometrial stromal cells in monolayer
culture. The culture medium was changed at zero time and was
collected from different wells at various times thereafter for assay of
PGE2 and PGF2,,. Each dish contained I ml of culture medium and
97±1 mg cell protein (mean±SEM).
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Figure 4. Effect of dexamethasone treatment on PGE2 (A) and PGF2,.
(B) production by human endometrial stromal cells in monolayer
culture. Cells at confluence were incubated with culture media that
did not or did contain dexamethasone (10-7 M) for 24 h; thereafter,
the culture media were collected for assay of PGE2 (A) and PGF2,
(B). The same protocol was followed on day 2 and day 3 of the
study. Each dish contained 1 ml of culture media and 103±1 mg cell
protein (mean±SEM).

ministered to pregnant women, cause prolonged gestation,
cessation of preterm labor, and a lengthening of the time
interval for induction of abortion by the instillation of hyper-
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Figure 5. Time course of PGI2 production (mean±SEM, n = 6) by
confluent human myometnal smooth muscle cells in monolayer cul-
ture in the absence or presence of dexamethasone (10-' M). The
culture medium was changed at zero time and was collected at
various times thereafter for assay of 6-keto-PGF15. Each dish con-
tained I ml of culture medium; the protein content in dishes that
contained cells treated with dexamethasone was 143±9 mg cell pro-
tein (mean±SEM) and, in those that contained medium without
dexamethasone, it was 149±7 mg cell protein.
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Figure 6. Effect of dexamethasone, in various concentrations, on
PGI2 production (mean+SEM, n = 6) by human myometrial smooth
muscle cells in monolayer culture. Confluent cells were incubated
with culture medium that did not or did contain dexamethasone for
24 h; thereafter, the culture media were collected for assay of 6-keto-
PGF1,,. Each dish contained I ml of culture medium and 179±6 mg
cell protein (mean±SEM).

tonic saline into the amniotic fluid (53). A striking increase in
the rate of cortisol secretion is also associated with labor in
women ( 1-3). The apparent paradox of these coexistent biologic
phenomena evolves about the well-known action of glucocor-
ticosteroids to inhibit PGproduction. In consideration of this
apparent paradox, we evaluated the effect of glucocorticosteroids
on PGproduction in amnion cells, endometrial stromal cells,
and myometrial smooth muscle cells that are maintained in
monolayer culture.

Previously, we presented evidence that the morphologic
and biochemical characteristics of these cells in monolayer
culture are similar to those of the tissues from which the cells
were derived. In human amnion tissue, there is a single cell
type; and, after dispersion of these cells and replication in
vitro, the morphology, the glycerophospholipid composition,
the arachidonic acid distribution (45), and the pattern of
prostaglandin synthesis and metabolism (54), as well as the
characteristics of the enzymes that catalyze the release of
arachidonic acid in these cells (45), are very similar to those
of amnion tissue. Similarly, arachidonic acid metabolism in
human endometrial stromal cells (from which decidua arises)
that are maintained in monolayer culture, are very similar to
decidual tissue (46). Human myometrial smooth muscle cells
that are maintained in monolayer culture also appear to be an
appropriate model system for the study of this tissue (47). Of
utmost importance for the purposes of this study, the pattern
of and the capacity for prostaglandin synthesis in these cells
in vitro appear to be similar to, if not identical with, those
known to be characteristic for the tissue from whence each
cell type was derived. Wecannot be absolutely certain, however,
that these cells maintained in culture respond to glucocorti-
costeroids in a manner that is identical with that in vivo. In
addition, the possibility exists that endometrial stromal cells
and myometrial smooth muscle cells prepared from tissue that
are obtained from nonpregnant women respond in a manner
that is not identical with that of decidual cells and myometrial
smooth muscle cells that are prepared from tissues of pregnant

women. Nonetheless, we suggest that the findings of the present
investigation are suggestive of a resolution to the apparent
cortisol-prostaglandin paradox. We suggest that the high rate
of cortisol production in pregnant women during labor does
not cause inhibition of the synthesis of prostaglandins that act
to induce and maintain the myometrial contractions of labor.
This obtains since amnion and endometrial stromal cells are
refractory to the action of glucocorticosteroids, unlike many
other tissues in which glucocorticosteroids are known to act
to suppress prostaglandin synthesis. Thus, despite striking
increases in cortisol levels in blood of womenas labor progresses,
the amnion and decidua may continue to synthesize and
secrete prostaglandins, which are agents that are believed to
be required for the completion of the parturient process. On
the other hand, the myometrial smooth muscle cells respond
to glucocorticosteroids by a reduction in synthesis of PGI2,
and thereby may serve to relieve the myometrial smooth
muscle cell of PGI2-effected quiescence. In this manner, we
envision that the unbridled production of PGE2and PGF2, in
amnion and decidua gives rise, in concert with decreased
myometrial PGI2 production, to an unimpeded response to
the prostaglandins that elicit contractions; therein may reside
the solution to the apparent cortisol-prostaglandin paradox of
labor in women.

In association with the stress-induced increase in cortisol
secretion in womenduring labor, which now may be considered
as complementary to the mechanisms that perpetuate the
effectiveness of the work forces of labor, there may be yet
another complementary metabolic event that is characteristic
of the "fight or flight" phenomenon. During this time in labor,
there also is an increase, of considerable magnitude, in the
levels of circulating catecholamines (56), substances that are
known to effect lipolysis in adipose tissue stores, and thereby,
an increase in free fatty acids comes about (57); and, in this
manner, depleted stores of arachidonic acid in amnion and
decidua may be replenished. Therefore, in women, labor may
serve as a stimulus, by way of well-known responses to stress,
to ensure the completion of the parturitional process.
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