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PREFACE 

One of the mysteries of mammalian reproduction is the physiologic process that 
determines the length of gestation. The proper timing of birth ensures that the 
young individual is sufficiently developed to survive and adapt in the extrauter- 
ine environment, and that the mother is capable to provide nutrition and 
protection to the newborn. This volume summarizes new knowledge obtained 
by many researchers seeking to unravel the complex mechanisms that contribute 
to the maintenance and termination of pregnancy. The most important common 
goal of these efforts is to reduce the incidence of preterm birth, which is the 
leading cause of perinatal morbidity and mortality in numerous countries. 

Separate chapters are devoted to the best studied animal models ofparturition. 
In sheep, the fetus is in control of the timing of its own birth, while in avian 
species, oviposition is evidently determined by the female laying the fertilized 
egg. In humans and non-human primates, the roles of the fetus and the mother 
are more balanced, and involve a complicated and poorly understood interplay 
between the mother, the fetus, and the placenta. Some major aspects of these 
interactions, such as trophoblast function, myometrial contractility, and the 
endocrine-paracrine systems, are discussed in fbrther chapters. 

xi 
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ABSTRACT 

Parturition in the sheep is preceded by activation of the fetal hypotha- 
lamic-pituitary-adrenal (HPA) axis. Late in the last third of gestation the 
hypothalmic peptides corticotrophin releasing hormone (CRH) and ar- 
ginine vasopressin (AVP) act to stimulate the release of adrenocorticotro- 
phic hormone (ACTH) from the fetal pituitary gland. The pre-parturient 
ACTH surge increases the secretion rate of cortisol from the fetal adrenal 
gland. Cortisol provides the trigger for labor onset by the induction of 
changes in placental steroid output. An increase in P,,, 17a-hydroxylase 
expression causes a decrease in maternal progesterone concentrations and 
a concomitant increase in placental estrogen output. The rise in the 
estrogedprogesterone ratio enhances the sensitivity of the myometrium 
to stimulatory agonists such as prostaglandin F,, (PGF,,), prostaglandin 
E, (PGE,), and oxytocin. Furthermore, the change in the steroid milieu 
increases the secretion rate of PGF,, from uterine tissues, including the 
maternal placenta, endometrium, and fetal membranes. Birth is a complex 
sequence of endocrine events culminating in coordinated expulsive 
mechanisms. Vaginal distension in the second stage of labor causes 
oxytocin release from the maternal posterior pituitary gland (the “Fer- 
guson” reflex). The exact role of oxytocin in the initiation of labor, 
however, is controversial. Despite high uterine oxytocin receptor concen- 
trations in late pregnancy, oxytocin concentrations in maternal and fetal 
plasma are not increased until labor onset. Oxytocin acts to enhance PGF,, 
release in late pregnancy. PGF,, production by the endometrium and 
maternal cotyledon stimulates synchronous and forceful contractions of 
the uterus. PGE, production by the fetal trophoblast activates the fetal 
HPAaxis. Furthermore, PGE, is a major contributor to cervical effacement 
and softening. Prematurity and postmaturity represent great hazards to the 
neonate. If the fetus is to survive outside the uterus without being com- 
promised, fetal organ systems, including the respiratory, thermoregula- 
tory, and gastrointestinal systems, must be adequately developed. It seems 
appropriate then that maturation of body functions essential for postnatal 
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survival are activated by the same mechanism that triggers labor onset. 
Fetal glucocorticoids promote development and differentiation of fetal 
organ systems. Cortisol stimulates surfactant synthesis by the type I1 cells 
of the fetal lung, allowing epinephrine to release the surfactant. In addi- 
tion, cortisol stimulates production of liver glycogen in the last 15 days 
of pregnancy. Glycogen reserves contribute to the maintenance of fetal 
body temperature in the first few days following birth. Cortisol also plays 
a role in controlling fetal erythropoiesis. In the sheep, maturation of the 
HPA axis is essential for labor onset. Many other stimulatory factors, 
however, augment the myometrial contractile activity characteristic of 
labor. Parturition is not the result of a single signal. Rather, it is the result 
of a progressive maturation of multiple pathways that may culminate to 
coordinate and synchronize fetal maturation, myometrial contractile ac- 
tivity, and preparation of the birth canal. 

1. INTRODUCTION 

A. Pregnancy and Parturition Review 

The successful outcome of labor and delivery is dependent upon three 
processes: maturation of fetal physiological support systems to a level 
consistent with survival extra utero, remodeling of the extracellular 
matrix of the cervix and uterus, and development of appropriate uterine 
contractions. In all mammalian species studied to date, these three 
prerequisites of successful labor and delivery must be satisfied or sub- 
sequent neonatal outcome may be compromised. The mechanisms by 
which these requisite criteria are satisfied and the extent to which they 
are manifested, however, varies between individual species and is appro- 
priate for the intensity of postnatal care provided (e.g., whether the 
newborn is altricial or precocious in its development). 

With respect to pregnancy and parturition models, the sheep repre- 
sents one of the most intensely studied species, and one of the few species 
in which the events culminating in the initiation of labor are relatively 
well-characterized. The purpose of this chapter is to review recent 
advances in our understanding of the mechanisms involved in ovine 
parturition. In particular, the regulation of the fetal HPA axis and the 
regulation of placental and fetal membrane prostaglandin-forming en- 
zymes will be discussed. The reader is also referred to other excellent 
recent reviews focusing on ovine parturition (Challis and Lye, 1986; 
Challis and Olson, 1988; Liggins and Thorburn, 1994; Thorburn and 
Liggins, 1994). 
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B. Ovine Parturition: The Current Paradigm 

In sheep, pregnancy represents an extension of the luteal phase of the 
estrous cycle induced by products of the conceptus. These products 
control the activity of the myometrium during pregnancy, maintaining a 
quiescent state that is essential for normal fetal development. As term 
approaches, electromyographic activity increases and synchronizes to 
produce effective uterine contractions at the time of parturition. In- 
creased uterine activity at term is associated with the induction of 
placental 17a-hydroxylasell7,20 lyase cytochrome P,,o (P,,, 17a), that 
catalyzes the conversion of C,, (progestogenic) precursors to C,, (andro- 
genic) steroids. C,, steroids are subsequently converted to estrogens (the 
final synthetic product of the steroid pathway) by placental aromatase. 
As aromatase activity is not considered rate-limiting in the formation of 
estrogens, the regulation of placental P450 17a activity is a central 
determinant. Consistent with this role, the induction ofplacental P,,, 17a 
activity is associated with a dramatic decline in maternal circulating 
concentrations of progesterone (Figure 1) .  

In sheep, it is clearly established that products of the fetal adrenal 
regulate the expression of placental P,,, 17a. The participation of fetal 
glucocorticoid in the initiation of ovine parturition was first recognized 
by the association of prolonged gestation with the congenital absence of 
the fetal adrenal gland. Subsequent studies have confirmed the involve- 
ment of adrenal glucocorticoid synthesis and secretion in the induction 
of parturition. In addition, fetal glucocorticoid has been implicated in the 
maturation of fetal organ systems necessary for survival extra utero. 
Thus, the timing of labor onset is primarily dependent upon maturation 
of the fetal HPA axis. This process can be accelerated by administration 
of ACTH (Liggins, 1968 cited in Thorburn and Liggins, 1994) or CRH 
(Brooks et al., 1986 cited in Liggins and Thorburn, 1994) to the fetus. 
Secretion of CRH and AVP from the fetal hypothalamus stimulates 
ACTH secretion from the fetal pituitary gland in the last 20 days of 
pregnancy, although the magnitude of the ACTH response to exogenous 
CRH and AVP diminishes toward term (Norman and Challis, 1987). 
During normal pregnancy, fetal plasma cortisol concentrations begin to 
rise from day 125 of gestation. There is now evidence that this rise is 
preceded by and is associated with a concurrent increase in the concen- 
tration of immunoreactive (ir-) ACTH (Hennessey et al., 1982 cited in 
Challis and Lye, 1986), although this has not been a consistent finding. 
The heterogeneity of ACTH assays has hindered the clarification of the 
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Figure 1. A model depicting the interrelationships between the fetal HPA axis and 
the placenta at mid-pregnancy (Panel A) and at term (Panel 8). During mid-preg- 
nancy, fetal adrenal activity is  regulated by a balance between stimulatory (ACTHI- 
39) and inhibitory (High M, Peptides) factors released from the anterior pituitary. 
Cortisol released from the adrenal participates in a negative feedback pathway to 
limit the release of these peptides. Term is  characterized by increased release of 
ACTH, -39 and adrenal activity. Concomitant increased cortisol release and a 
reduced negative feedback effect on the fetal pituitary results in a positive feed-for- 
ward cascade. Fetal cortisol induces 17a-OHIC 17-20 lyase activity in the pla- 
centa, resulting in the conversion of C,, steroids (progestagens) to C,, steroids 
(androgens). Androgens are then readily converted to C,, estrogenic steroids. 
Associated with this change in steroid metabolism is the induction of PCHS-2 and 
increased eicosanoid formation. (+ve:stimulation; -ve: inhibition.) 
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temporal relationship between the gestation-related increases in ACTH 
and cortisol. The fetus, via hypothalamic-pituitary activation alters ster- 
oid synthetic pathways in both the fetal adrenal and placenta. As a 
consequence, progesterone concentrations fall and estrogen synthesis 
increases. Estrogen has a wide range of physiological functions, includ- 
ing stimulation of prostaglandin production in the placenta and fetal 
membranes. Myometrial responsiveness to agonists such as oxytocin and 
prostaglandins is enhanced through increased receptor expression. Thus, 
there is a progressive increase of myometrial contractility, resulting in 
expulsion of the fetus. 

I I .  THE FETAL HYPOTHALAMIC-PITUITARY-ADRENAL 
AXIS 

A. Overview 

The role of the ovine HPAaxis in the timing of labor onset first became 
evident in 1963 with the recognition that pregnancy was prolonged 
following maternal ingestion of the teratogenic plant, or skunk cabbage 
(Veratrum californicum), on the fourteenth day of gestation. The toxic, 
principle was identified as 1 1-deoxyjervine, a steroidal alkaloid. The 
affected lambs had pituitary glands, however, the neural connections 
were abnormal or completely absent (Kennedy, 1971 cited in Thorburn 
and Liggins, 1994). Although this dataprovidedevidence for the involve- 
ment of the fetus in the aetiology of delayed parturition, the precise 
mechanism responsible for this occurrence stili remained to be estab- 
lished. 

Professor G.C. Liggins was the first investigator to precisely define 
the contribution of the fetal pituitary gland to labor. It was demonstrated 
that electrocoagulation of the fetal pituitary prolonged pregnancy indefi- 
nitely and was associated with hypoplasia of the adrenal cortices. Bilat- 
eral adrenalectomy of the fetus also prolongs labor onset. Conversely, 
infusion of glucocorticoid into the fetal lamb in utero leads to premature 
delivery (refer to Thorburn and Liggins, 1994). 

In normal pregnancy, the concentration of cortisol in fetal plasma rises 
from day 125 of gestation. Prior to day 120 of gestation, cortisol in fetal 
plasma is primarily derived by transplacental transfer from the mother 
(Hennessey et al., 1982 cited in Challis and Lye, 1986). Fetal glucocor- 
ticoids play an important role in lung and organ maturation. Challis and 
Hooper (1990) proposed that cortisol may enhance placental production 
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of CRH, PGE,, and ACTH, providing additional trophic support to the 
fetal pituitary and adrenal glands. Paradoxically, cortisol acts to promote 
secretion of corticosteroid-binding globulin (CBG) in the fetal circula- 
tion (Fairclough and Liggins, 1975 cited in Challis and Lye, 1986). It has 
been proposed that this may reduce the efficacy of negative feedback at 
the level of the fetal hypothalamus and pituitary. 

B. Fetal Pituitary Function 

Previous investigations have demonstrated that the late gestational 
rise in fetal ACTH concentration provides trophic support for corticos- 
teroidogenesis. Fetal hypophysectomy leads to hypoplasia of the adrenal 
gland and delayed labor onset. Conversely, the administration of bioac- 
tive ACTH in high concentrations stimulates cortisol release from the 
fetal adrenal gland. 

Using immunohistochemistry, the fetal pars distalis has been shown 
to contain ACTH staining cells by day 40 of gestation (Mulvogue et al., 
1986 cited in Thorburn and Liggins, 1994). Anterior pituitary cells were 
shown to contain fragments of pro-opiomelanocortin (POMC), including 
pro-y-MSH (melanocyte stimulating hormone), y-MSH, and P-endor- 
phin by day 38 of gestation. By day 90, the corticotrophs fall into two 
morphologically distinct cell types: “adult” and “fetal” corticotrophs. 
Fetal corticotrophs are characteristically large columnar cells which stain 
with variable intensity for ACTH. The adult corticotroph exhibits intense 
staining for ACTH and is stellate in shape. Cortisol influences the 
proportion of adu1t:fetal corticotrophs, which increases with gestational 
age. Intrafetal cortisol infusion accelerates the production of adult corti- 
cotrophs in the pars distalis. In contrast, fetal adrenalectomy delays this 
change in the ratio of “adult” to “fetal” cell types (McMillen et al., 1990). 
This may constitute a positive feedback loop between the fetal pituitary 
and adrenal glands (Figure 2). 

The fetal pituitary responds to CRH and AVP by releasing ACTH. AVP 
acts synergistically with CRH to provoke ACTH release and is more 
effective earlier in gestation than later. As term approaches, CRH is more 
effective in inducing ACTH release, as a result of increased CRH 
receptor expression. At this time, the previous synergism between CRH 
and AVPis lost(NormanandChallis, 1987). Thediminutionofthe ACTH 
response following administration of CRH and AVP as term approaches 
may be explained by the corresponding increase in the cortisol response 
over the same period. As term approaches, the cortisol concentration 
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Fetal Adrenalectomy 

' P - v e  

40 90 120 140 t 
ACTH Gestational Age Transition TERM 3. 

ACTH 'Fetal corticotroph' (Days) 

'Addt corticotroph' #+Ve 
cortisol 

Figure2. Corticotroph gestational age transition. During gestation, the phenotype 
of corticotrophs changes dramatically. Fetal corticotrophs are characteristically 
large columnar cells that stain with variable intensity for ACTH. By 90 days of 
gestation, two morphologically distinct cell types are identifiable: "adult" and 
"fetal." The adult phenotype stains intensely for ACTH and displays increased 
responsiveness to CRH stimulation. 

increases more rapidly and to a greater extent following secretagogue 
administration and this probably terminates ACTH secretion by negative 
feedback (Figure 1). 

POMC undergoes extensive post-translational processing to yield a 
variety of peptides including ACTH,,,, y- MSH, and P-endorphin. 
McMillen and coworkers 1988 (cited in McMillen et al., 1990) measured 
POMC mRNA in the fetal sheep anterior pituitary gland during fetal 
development. Despite elevated plasma ACTH,,, concentrations in late 
gestation, they found a substantial decline in POMC mRNA at day 142 
of gestation compared to day 133. This decline in POMC mRNA appears 
to result from high circulating concentrations of glucocorticoids present 
during late pregnancy. Evidence supporting this proposal was obtained 
from a study in which adrenalectomy at day 120 of gestation resulted in 
high amounts of POMC mRNA in anterior pituitary gland 15 days later 
(McMillen et al., 1990). If POMC gene expression increases toward 
term, the magnitude of the claimed increase is not large in relation to that 
of fetal cortisol over the same period. This suggests the existence of other 
factors which determine adrenal activity in the last month of gestation. 
Increased post-translational processing of POMC may be such a factor 
(Saphier et al., 1993). In this respect, the expression and activities of the 
enzymes which process POMC to smaller, bioactive forms may be more 
significant than the expression of POMC itself. These enzymes exhibit 
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developmental changes in the fetal rat suggesting that similar changes 
may occur in other species. 

Parturition in sheep is preceded by activation of the fetal adrenal 
gland. ACTH binding sites on the fetal adrenal gland increase markedly 
from 140 days to term. There is a close temporal relationship between 
fetal plasma ACTH,-,,concentrations and ACTH receptor concentration. 
Recent studies suggest that ACTH acts through two distinct receptor 
mechanisms (Li et al., 1989). One class of receptor is linked to an 
adenylate cyclase signal transduction pathway. The other class of recep- 
tor is linked to an inositol phosphate (IP) and Ca2' stimulated pathway. 
Li and coworkers (1989) demonstrated that ACTHI-,,binds to the adeny- 
late-cyclase linked receptor but not the receptor linked to IP. Conversely, 
ACTH, 

Evidence suggests that IP-linked receptors are predominant in fetal 
membranes before day 130 of gestation. Durand found that in fetal 
adrenal membranes obtained from sheep between 110 and 130 days of 
gestation, [1251]-ACTH1-24 was displaced by ACTH,,,, but not by 
ACTH,.,, (see Challis and Olson, 1988). This finding is in agreement 
with adenylate cyclase activity being low in fetal adrenal membranes 
before day 140 of gestation. Prior to this time, ACTH,,, binding to 
adrenal membranes remains low. The rise in ACTH receptor numbers in 
the sheep fetus 5-7 days before delivery is associated with an increase 
in CAMP concentration (Durand et al., 1981 as cited in Challis and Olson, 
1988). This most likely reflects an increase in the number of adenylate 
cyclase-linked receptors. Thus, parturition in the ewe is preceded by an 
increase in the number of low-affinity, strongly steroidogenic reccptors 
(CAMP-associated). These receptors replace the function of the high-af- 
finity, weakly steroidogenic receptors (IP-associated), culminating in 
increased fetal adrenal cortisol output capable of causing labor onset. 

Jones and coworkers proposed a mechanism for the rise in adrenal 
cortisol output late in gestation (as cited in Challis and Lye, 1986). These 
investigators demonstrated that three large molecular weight peptides 
(50, 30, and 20 m a )  present in fetal pituitary late in gestation antago- 
nized the stimulatory action of ACTH,,, on dispersed sheep adrenal 
cells. Since the concentration of these large molecular weight peptides 
relative to ACTH,,, declines late in pregnancy, it was suggested that the 
rise in fetal cortisol output was the result, in part, of the withdrawal of 
the effects of these inhibitory peptides. In support of this hypothesis, 
recent unpublished work in this laboratory has demonstrated the pres- 
ence of a pituitary-dependent inhibitor of adrenal fbnction late in gesta- 

was shown to preferentially bind to the IP-linked receptor. 
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tion. These investigators examined the secretion of cortisol from the fetal 
adrenal in response to increasing concentrations of ACTH, -24 following 
hypophysectomy. To prevent adrenal gland atrophy following hypo- 
physectomy, fetal sheep were given a continuous maintenance infusion 
of ACTH,-24 (34.4 pmol/hlkg). Jacobs et al. (1994) demonstrated that 
hypophysectomized fetuses receiving this low dose ACTH infusion have 
maintained adrenal growth and deliver at normal term. In intact fetuses, 
plasma concentrations of cortisol increased in a dose-dependent manner 
in response to increasing concentrations of ACTH,-24 at days 130 and 
140 of gestation. Similarly, hypophysectomized fetuses responded to 
exogenous ACTHI-*, administration with increased plasma concentra- 
tions of cortisol, however, maximal concentrations achieved were sig- 
nificantly higher than those observed in intact animals. As in the study 
of Jacobs et al. (1 994), the hypophysectomized fetuses receiving chronic, 
low dose ACTH infusion went on to deliver at term. It was concluded 
that the removal of the fetal pituitary gland releases the fetal adrenal from 
endogenous inhibition, thus allowing greater stimulation of cortisol by 
ACTH. The nature of the putative inhibitory factors in vivo is yet to be 
elucidated. 

C. Fetal Adrenal Function 

Several investigators have studied the changes in ACTH sensitivity 
of the adrenal gland in late gestation in the ovine fetus (Challis and Olson, 
1988). Three phases of responsiveness to trophic hormonal stimulation 
have been described. At days 50-60 of pregnancy, the fetal adrenal 
secretes large amounts of cortisol in response to ACTH and dibutyryl 
cyclic AMP. This responsiveness is lost in mid-gestation (day loo), but 
reemerges near term. At term, there is an increased number of ACTH 
receptors, an increased activity of adenylate cyclase, and enhanced 
coupling by Gs proteins (Saez et al., 1984 cited in Challis and Hooper, 
1990). At day 100 of gestation fetal adrenal cells have the ability to 
secrete progesterone but not cortisol in response to CAMP. This implies 
the existence of an enzyme lesion between these two steroids. In early 
pregnancy, pregnenolone, 17a-hydroxypregnenolone, progesterone, and 
1 7a-hydroxyprogesterone are all converted to cortisol. In mid-preg- 
nancy, only 17a-hydroxyprogesterone is converted to cortisol. By term, 
the conversion of 17a-hydroxyprogesterone and progesterone to cortisol 
is increased substantially. These results show that 17a-hydroxylase is a 
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major rate-limiting enzyme for cortisol production and that its activity 
is increased substantially toward term. 

The reason for the recrudescence of adrenal responsiveness around 
day 120 of gestation is unclear, but the phenomenon is probably funda- 
mental to the mechanism of parturition. Between 90 and 120 days of 
gestation, placental production of progesterone, estrogens, and PGE, 
increase markedly. This increase in placental hormone production de- 
pends on fetal pituitary function (Deayton et al., 1993). PGE, is a potent 
ACTH secretagogue whose activity does not diminish as adrenal matu- 
ration proceeds. The tonic increase in PGE, secretion which immediately 
precedes the activation of the fetal HPA axis may thus be a factor in the 
maturation of the fetal pituitary. PGE, has also been reported to directly 
stimulate cortisol secretion by the fetal adrenal glands (Thorburn and 
Liggins, 1994). Thus, a positive feedback loop between the fetal pitui- 
tary, adrenal gland, and the placenta may be proposed. 

Evidence has been obtained that suggests cortisol may be involved in 
the positive feed-forward glucocorticoid cascade, acting to modulate the 
mechanism by which ACTH stimulates adrenal activity. Liggins and 
coworkers first demonstrated in 1977 that the output of cortisol in vivo 
in response to an ACTH challenge was greater in fetuses that had been 
treated for 48 hours with dexamethasone (cited in Thorburn and Liggins, 
1994). Challis and coworkers showed that adrenal cells prepared from 
fetuses pretreated in vivo with ACTH and metopirone (an inhibitor of 
1 1 P-hydroxylase and hence cortisol production) had an attenuated ca- 
pacity to produce cAMP or generate 1 1-desoxy-cortisol compared to 
adrenal cells from fetuses treated with ACTH alone. These inhibitory 
effects on cAMP and steroid production could be overcome by small 
amounts of replacement cortisol. Larger amounts of cortisol or dex- 
amethasone were found to be less effective or ineffective in reversing 
the metopirone block (cited in Challis and Hooper, 1990). Thus, small 
amounts of cortisol appear to modulate the effect of ACTH in activating 
fetal adrenal function. At higher concentrations cortisol has an inhibitory 
effect. 

The preparturient increase in fetal plasma glucocorticoids first de- 
scribed by Bassett and Thorburn (1969) has been reconfirmed many 
times. Cortisol concentrations begin to rise 25 days before delivery 
(Challis and Brooks, 1989 cited in Challis and Hooper, 1990), coinciding 
with an enhanced responsiveness of the fetal adrenal to ACTH,,,. In 
accordance with the findings presented above, Jones et al. (1 977) showed 
that although hypoxemia raised the ACTH concentration in fetal plasma, 
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only late in gestation was the increase in ACTH associated with a large 
and rapid rise in plasma corticosteroid concentrations. Similarly, hem- 
orrhage and hypotension raise plasma concentrations of ACTH, how- 
ever, there is no significant corticosteroid response until late in gestation 
(Rose et al., 1978 and 1981 as cited by Challis and Olson, 1988). ACTH 
stimulates steroidogenesis in the fetal adrenal by at least two different 
mechanisms. Both involve specific cell membrane receptors which act 
in a different manner. One class of receptor mobilizes intracellular 
calcium while the other stimulates the formation of CAMP. 

During hypoxemia, there is a 2-3-fold increase in blood flow to the 
fetal adrenal gland, which is temporally related to a rise in fetal plasma 
ACTH concentration (Challis and Lye, 1986). Even when ACTH con- 
centrations decline the adrenal blood flow remains elevated. Using 
immunohistochemistry it was found that the endothelial cells of the 
subcapsular blood vessels contained the prostaglandin-forming enzyme 
prostaglandin G/H synthase. Thus, locally stimulated PG production 
may cause changes in blood flow. Other vasoactive peptides, including 
CRH and endothelin may be produced in the fetal adrenal to act as 
effectors of blood flow adaptations. 

There is both in vivo and in vitro evidence that fetal adrenal maturation 
can be provoked by the administration of ACTH,,,. The activation of 
adenylate cyclase in fetal adrenal cell membrane preparations is en- 
hanced following ACTH perfusion in fetal sheep. Durand et al. showed 
in 1982 that ACTH can increase the activity of 11 P-hydroxylase and 
21-hydroxylase enzymes (cited in Challis and Lye, 1986). Moreover, it 
was later demonstrated that an extract of fetal and newborn pituitary 
enhanced the steroidogenic enzyme activity and adenylate cyclase activ- 
ity by fetal adrenal cells (Durand et al., 1985 cited in Challis and Olson, 
1988). The response of adrenals from hypophysectomized fetuses, how- 
ever, was lower than that of tissue from intact fetuses. It was concluded 
that the fetal pituitary contained activities that promoted fetal adrenal 
maturation. This finding appears to contradict the earlier proposal of the 
large M, pituitary peptides inhibiting adrenal cortisol output (see Section 
I1 B), although there may be a requirement for a small, permissive 
amount of ACTH or other POMC-derived peptides to prevent adrenal 
atrophy. ACTH,,, at a very low concentration is sufficient to maintain 
fetal growth in vivo (Jacobs et al., 1994). Significantly, Durand and 
coworkers have also demonstrated the spontaneous maturation of fetal 
adrenal cells in culture, further supporting the proposal that there is an 
inhibitory factor in vivo. 
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D. The Physiological Role of Cortisol in the Maturation of Fetal 
Organ Systems 

If a lamb is to make the successful transition from intra- to extra- 
uterine life, the fetal cardiovascular, respiratory, gastrointestinal, and 
neuroendocrine systems must all undergo adequate maturation in utero. 
The prepartum rise in plasma cortisol concentrations coordinates and 
induces many of these maturational changes (Thorburn and Rice, 1987). 

The ability of a newborn animal to sustain adequate respiratory 
fimction is of primary importance to its survival. The production of lung 
surfactant prior to delivery is thus essential. In fetal sheep, production of 
pulmonary surfactant occurs from day 120 of gestation and increases to 
term. This can be correlated temporally with the rise in fetal plasma 
concentrations of cortisol. Evidence supporting the importance of corti- 
sol to lung maturation was provided by Professor G.C. Liggins in 1969 
(cited in Thorburn and Liggins, 1994). When parturition was induced 
prematurely by the infusion of glucocorticoids at day 135 of gestation, 
lambs developed a normal respiratory pattern postpartum. In contrast, 
lambs delivered by cesarean section prior to day 140 of gestation devel- 
oped severe respiratory distress and were unable to adequately ventilate 
their lungs. These data indicate that glucocorticoids stimulate production 
of pulmonary surfactant. This ensures adequate maturation of the fetal 
lungs to sustain life following birth. 

There is evidence to suggest that cortisol plays a role in controlling 
fetal erythropoiesis. Throughout gestation, hemoglobins synthesized by 
fetal red blood cells undergo maturational changes (Wood et al., 1976). 
Two embryonic hemoglobins synthesized by the early conceptus are 
replaced in the initial stages ofpregnancy by fetal hemoglobin. From day 
125, the y chains of fetal hemoglobin are progressively replaced by p 
chains which characterize adult hemoglobin. The change from fetal to 
adult hemoglobin occurs concurrently with the loss of the liver as an 
erythropoietic organ. Wood et al. (1976) suggested that cortisol may 
initiate chain synthesis by fetal reticulocytes as the prepartum rise in 
cortisol was temporally related to the structural change. The infusion of 
dexamethasone into the fetus causes a rapid switch in hemoglobin 
synthesis after day 130 of gestation. Fetal hypophysectomy, on the other 
hand, slows the rate of switching from fetal to adult forms (Wood et al., 
1976). 

Birth constitutes an abrupt transition for the newborn from the thermal 
environment of the uterus to the cooler extra-uterine environment. This 
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poses problems for the neonate in the maintenance of its body tempera- 
ture. Liver glycogen accumulates in the fetal lamb in the last 15 days of 
pregnancy. This contributes to thermogenesis. The rise in glycogen 
accumulation in the liver is directly related to the prepartum increase in 
cortisol production. Cortisol infusion into the intact fetus stimulates 
production of liver glycogen. In contrast, fetal hypophysectomy or fetal 
adrenalectomy inhibits accumulation of glycogen. Although brown fat 
and glycogen contribute to the maintenance of neonatal body tempera- 
ture, increased production oftriiodothyronine (T,) is required to mobilize 
these reserves. During fetal life, the concentrations of thyroxine (T4) and 
“reverse T3” (RT,; the inactive biological isomer of T,) are high, whereas 
the concentration of T, is low. The increase in fetal concentrations of T, 
and the decrease in fetal T, and RT, concentrations in late gestation can 
be temporally correlated to the prepartum rise in fetal cortisol production. 

It can be clearly seen that the increase in cortisol production late in 
gestation is not only essential for birth but also prepares fetal lambs for 
survival extra utero. High circulating concentrations of cortisol ensure 
that the development of the fetal lamb is sufficient to maintain physi- 
ological homeostasis at birth. 

111. PLACENTA 

A. Progesterone 

Sheep require luteal progesterone for the establishment and mainte- 
nance of pregnancy (corpus luteum-dependent). The requirement for 
luteal progesterone exceeds the length of the luteal phase of the estrous 
cycle, necessitating an extension of the lifespan of the corpus luteum 
(CL). By day 50 of pregnancy, the placenta secretes sufficient progester- 
one to support the pregnancy. After this time, ovariectomy can be 
performed without inducing abortion (CL-independent). A further in- 
crease in placental progesterone secretion occurs between days 90 and 
120 of gestation, a time when placental growth has ceased but the fetus 
undergoes rapid growth. 

Progesterone concentrations in fetal and maternal plasma decline 
prior to the onset of labor. Nathanielsz et al. (1982) reported that the mean 
time of onset of the fall in maternal progesterone was 3.5 f 0.5 days 
before parturition. This is coincident with the preparturient surge in fetal 
plasma cortisol (Thorburn and Liggins, 1994). Fetal plasma concentra- 
tions of progesterone closely parallel those of the mother, however, 
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absolute concentrations are generally lower. This can be attributed to 
vascular metabolism by the 2015-hydroxysteroid dehydrogenase (20a- 
HSD) enzyme present in fetal erythrocytes. 

The importance of progesterone withdrawal as a prerequisite to the 
onset of labor in sheep has been the subject of many investigations. 
Progesterone has been shown to inhibit labor at term in sheep (Liggins 
et al., 1973 cited in Liggins and Thorburn, 1994). Liggins and coworkers 
showed that progesterone can prevent dexamethasone-induced prema- 
ture labor when administered in pharmacological but not physiological 
concentrations. Doses of progesterone below 100 mg/24 h do not signifi- 
cantly delay labor onset in sheep given an intrafetal infusion of dex- 
amethasone, although the dose is sufficient to maintain the peripheral 
concentration of progesterone within the preparturient range. A dose of 
200 mg/24 h is sufficient to block cervical dilatation, uterine activity, and 
labor. This amount of progesterone, however, is more than twice the 
maximal production rate for late ovine pregnancy. Recent studies have 
provided a possible explanation for why such high concentrations of 
exogenous progesterone are required to block labor. Administration of 
synthetic glucocorticoids or cortisol is associated with the induction of 
placental 17a-hydroxylase enzyme. Endogenous pregnenolone metabo- 
lism is thus directed away from progesterone formation toward estrogen 
synthesis. High concentrations of exogenous progesterone are therefore 
required to counteract the high plasma concentrations of estrogen. In 
addition, exogenous progesterone represents the sole source of proges- 
terone in the maternal circulation. 

Enhanced uterine prostaglandin release can be induced by progester- 
one withdrawal following the administration of a 3P-HSD inhibitor 
(Taylor et al., 1982 cited in Challis and Lye, 1986). Adecrease in plasma 
progesterone for six hours was shown to be sufficient to increase circu- 
lating concentrations of PGF,, as indicated by 13,14-dihydro 15-keto 
PGF,, production (PGFM, the inactive metabolite of PGF,,) and prema- 
ture delivery. The importance of progesterone withdrawal as a prereq- 
uisite to the onset of parturition was highlighted in a study conducted by 
Thorburn and coworkers (1984 cited in Liggins and Thorburn, 1994). 
PGF,, was infused into the ewes via an extra-amniotic catheter at 
concentrations sufficient to raise maternal, fetal, and amniotic fluid 
PGFM concentrations to those observed at term. This did not induce a 
sustained increase in uterine activity unless progesterone concentrations 
were decreased by the administration of a 3P-HSD inhibitor. Lye and 
Porter (1 978) observed that progesterone could inhibit the myometrial 
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activity induced by the administration of PGF,, to estrogen-treated, 
ovariectomized ewes. 

B. Estrogen 

A role for estrogen in the initiation of labor in sheep has largely been 
supported by studies employing two lines of investigation, namely those 
based on measurement of circulating concentrations of estradiol and 
those obtained by the administration of exogenous estrogen to late 
pregnant ewes. Maternal peripheral total unconjugated estrogen concen- 
trations (i.e., estradiol-l7a, estradiol-l7p, and estrone) remain low 
throughout pregnancy and rise 24 hours before delivery (Challis and 
Olson, 1988). Unconjugated estrogens also rise in amniotic fluid during 
the last 3 4  days of pregnancy. A close temporal relationship between 
the rising concentrations of estradiol- 17p (E2- 17p) and PGF,, was 
described by Currie et al. (1973 cited in Challis and Olson, 1988). In 
addition, Liggins et al. (1973 cited in Liggins and Thorburn, 1994) 
demonstrated that the concentration of PGF,, in utero-ovarian vein 
plasma rises parallel with estrogen output following spontaneous labor 
onset and also following premature delivery induced by dexamethasone 
or ACTH. 

Hindson et al. (1 967) were the first investigators to demonstrate labor 
induction in sheep following exogenous estrogen administration. Sheep 
given 20 mg of stilboestrol during mid- or late-pregnancy gave birth 
prematurely. This estrogen-induced labor, however, did not result in 
“normal” parturition. Delivery was frequently delayed due to failure of 
the cervix to dilate (Hindson et al., 1967). Liggins suggested that the 
observed failure of cervical softening may have been associated with the 
fact that plasma progesterone concentrations did not fall following 
estrogen administration. The finding that 150 mg/day of progesterone 
given to ewes is not sufficient to block dexamethasone induced labor but 
is associated with failure of cervical dilation supports this view (Liggins 
et al., 1972 as cited in Liggins and Thorburn, 1994). 

In vitro and in vivo evidence has shown that fetal cortisol induces 
placental 17a-hydroxylase and C,,.,, lyase enzyme activity. Thus, the 
concentration of androstenedione and of dehydroepiandrosterone 
(DHA) increases in maternal utero-ovarian vein plasma coincident with 
the preparturient rise in estrogen output. There is a correlation between 
the rise in maternal unconjugated estrogen concentration and the increase 
in estrogen concentration in the endometrium and myometrium. Liggins 
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et al. (1973, cited in Liggins and Thorbum, 1994) reported a rise in the 
concentration of PGF,, in uterine venous plasma and in myometrium 
following estrogen-induced labor. Despite the absence of any change in 
the concentration of progesterone in both peripheral and utero-ovarian 
venous plasma, the observed rise in PGF,, was associated with a 90% 
reduction in the threshold of the excitatory myometrial response to 
oxytocin. This experimental evidence implies that the effect of estrogen 
on the myometrium is mediated by an increase in uterine prostaglandin 
biosynthesis at term in sheep. The evidence, however, is conflicting. 
Jenkin and Thorburn (1985) demonstrated labor induction in sheep 
following the administration of the 3P-HSD inhibitor, trilostane. There 
was a major reduction in circulating concentrations of progesterone and 
enhanced PGF,, synthesis without an alteration in estrogen concentra- 
tions. Furthermore, labor induction by intra-fetal administration of glu- 
cocorticoid can occur despite no elevation in maternal concentrations of 
estrogens (Kendall et al., 1977 cited in Challis and Lye, 1986). 

IV. OXYTOCIN 

Oxytocin may also play a role in successful parturition in the ewe. 
Oxytocin is one ofthe most potent natural substances known to stimulate 
uterine contractions. Although oxytocin receptor concentrations in uter- 
ine endometrium increase in late gestation, recent data suggests that 
oxytocin exerts its stimulatory effect through an action on uterine pro- 
staglandins. 

The release of PGF,, in response to oxytocin increases progressively 
throughout gestation and reaches maximum concentrations at the time 
of parturition. It has been suggested that this elevation in prostanoid 
production is due to a decrease in the inhibitory effect of progesterone 
on oxytocin receptors or on the transduction of the oxytocin signal to 
initiate PGF,, release. Treatment of late pregnant ewes with the proges- 
terone receptor antagonist RU486 causes an increase in basal concentra- 
tions ofboth PGE, and PGFM. In addition, the subsequent administration 
of oxytocin induces the release of uterine PGFM, but not PGE, (Burgess 
and Jenkin, 1992 cited in Liggins and Thorburn, 1994). The lack of effect 
of oxytocin on PGE, concentrations indicates a differential effect of 
oxytocin on prostaglandin synthesis. Oxytocin mediates its effects by 
interacting with its receptor. Fetal cotyledons, amnion, chorion, 
myometrium, and cervix have all been shown to produce PGF,, and 
PGE, (Evans et al., 1982 cited in Liggins and Thorbum, 1994). Thus, not 
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all uterine tissues responsible for PGE, release may be able to respond 
to oxytocin. In view of this finding, it is feasible to suggest that the 
localization of oxytocin receptors may influence the relative proportion 
of PGF,, and PGE, release in late gestation in response to oxytocin. 
Certainly, the prevailing endocrine milieu at the time of parturition in the 
ewe would be favorable for increased synthesis of uterine oxytocin 
receptors. 

To further investigate the relationship between oxytocin and PGs in 
late pregnancy in sheep, Jenkin examined the effect of the oxytocin 
receptor antagonist, CAP, on basal and oxytocin-induced fetal and ma- 
ternal PG release (see Jenkin, 1992). The intra-arterial inhsion of CAP 
at 100 pg m i d  did not suppress fetal or maternal PGE, or PGFM 
concentrations at any stage of gestation. CAP did, however, inhibit 
oxytocin-induced PGFM release and oxytocin-induced uterine activity 
in late gestation. 

V. PROSTAGLANDINS 

The importance of prostaglandins to the onset and maintenance of 
pregnancy has been unequivocally established. Prostaglandins of uterine 
origin have a central role in controlling pregnancy in the ewe. For 
example, increased prostaglandin synthesis during the luteal phase of the 
estrous cycle causes luteolysis and prostaglandin release. At the time of 
parturition, prostaglandins stimulate forceful contractions of the uterus. 

A. Prostaglandin Biosynthesis 

Prostaglandins are synthesized from C20 polyunsaturated fatty acids, 
including 5,8,11,14-eicosatetraenoic acid (arachidonic acid) which is a 
member of the n6 family of essential fatty acids. Arachidonic acid is 
predominantly found in tissues in an esterified form and is released from 
cellular stores by the action of phospholipases. Arachidonic acid is 
liberated from phospholipid stores primarily by two pathways involving 
phospholipase A, or phospholipase C. Phospholipase A, (PLA,) directly 
hydrolyzes arachidonic acid esterified in the sn-2 position of phos- 
pholipids. Phospholipase C hydrolyses the polar head group of phos- 
pholipids, displaying a substrate preference for phosphotidylinositol. 
The resultant diacylglycerol (DAG) may be further metabolized by 
diacylglycerol- and monoacylglycerol-lipases to yield non-esterified 
fatty acids (including arachidonic acid; Okazaki et al., 198 1 cited in Rice, 
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1995). DAG may also function to activate PLA, via the phosphorylation 
of lipocortins (inhibitors of PLA, activity) or mobilization of calcium 
(Ca”) in response to 1,4,5-inositol triphosphate (IPJ. The net result of 
both pathways is an increase in the intracellular availability of arachi- 
donic acid for further processing by enzymes such as prostaglandin G/H 
synthase or lipoxygenase enzymes. 

The conversion of arachidonic acid into prostaglandins is catalyzed 
by the prostaglandin endoperoxidase G/H synthase (PGHS). PGHS is an 
integral membrane protein found in greatest abundance in the endoplas- 
mic reticulum but which is also present in the plasma membrane and 
nuclear envelope of cells (Rollins and Smith, 1980). The native enzyme 
is a glycoprotein composed of two identical subunits (M, 65,600 Da, 
unglycosylated; DeWitt and Smith, 1988) and is a protoporphyrin IX- 
containing protein (Hemler and Lands, 1976 cited in Rice, 1995) with 
one molecule of heme per subunit. 

PGHS catalyzes the initial steps in the formation of prostanoids, 
causing the conversion of arachidonic acid into PGH,. Two distinct 
catalytic activities are involved. The first is a bis-oxygenase activity 
(cyclooxygenase) which catalyzes the oxygenation of arachidonic acid 
resulting in the formation of PGG,. This process involves the incorpora- 
tion of two molecules of oxygen. A peroxide link is formed between C, 
and C,, of arachidonic acid by one molecule of oxygen, while the other 
is incorporated as a hydroperoxide at C,5. The second activity of PGHS 
is a hydroperoxidase activity that catalyzes the reduction of the 15-hy- 
droperoxyl group of PGG, to form PGH, (Pagels et al., 1983). 

B. Prostaglandin Synthase lsozymes 

Recent advances in our understanding of the biochemical pathway 
involved in the conversion of arachidonic acid into the prostaglandins 
have provided new insights into regulation of prostaglandin synthesis by 
gestational tissues. Of particular relevance to the processes involved in 
labor onset and maintenance has been the identification of multiple forms 
(isozymes) of prostaglandin G/H synthase. These PGHS enzymes are 
thought to represent constitutive (i.e., involved in routine cellular meta- 
bolism, PGHS- l) and inducible (i.e., agonist-stimulated, PGHS-2) 
isozymes. 

A new epoch in prostaglandin biochemistry began with the cloning of 
the ram seminal vesicle PGHS (PGHS-1; Merlie et al., 1988) and the 
subsequent discovery and cloning of the PGHS-2 gene (Kujubu et al., 
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1991). PGHS-1 is encoded by a mRNA transcript of -2.8 kilobases (kb) 
which represents the PGHS isozyme purified from ram seminal vesicles 
more than 15 years ago. All investigations of the expression of PGHS in 
ovine intrauterine tissues before the cloning of PGHS-2 utilized reagents 
developed against PGHS-1. It is likely that most of the polyclonal 
antibodies raised against ram seminal vesicle PGHS- 1 used in previous 
studies are incapable of distinguishing between PGHS- 1 and PGHS-2. 
Thus, the data are potentially confounded by the differential regulation 
and/or expression of PGHS- 1 and PGHS-2. 

PGHS-2 (70 kDa) is encoded by a mRNA transcript of -4.0-4.5 kb 
and displays approximately 64% amino acid sequence homology with 
PGHS-1 (O’Banion et al., 1992). The important fbnctional and structural 
domains of PGHS-1 are highly conserved in PGHS-2, including the 
aspirin acetylation site, the active-site tyrosine, a hydrophobic trans- 
membrane domain, and the N-linked glycosylation site. Unlike PGHS-1, 
PGHS-2 is mitogen-induced and is inhibited by glucocorticoid in some 
tissues (DeWitt and Meade, 1993). It is likely that the regulation of the 
inducible isozyme is, however, tissue specific. The PGHS-2 isozyme is 
expressed following cellular activation by stimulatory agonists such as 
growth factors, phorbol esters, and bacterial exotoxin (O’Sullivan et al., 
1992; Hamasaki et al., 1993). In other tissues PGHS-2 has been reported to 
be induced by pro-inflammatory mediators, such as bacterial endotoxin and 
cytokines (e.g., TNF and IL-1). Thus, it is most likely that PGHS-2 is 
induced at the time of bacterial-infection-associated pre-term labor and 
possibly in association with normal spontaneous onset labor at term. 

Recent studies have shown a differential regulation of PGHS-1 and 
PGHS-2 expression. Wimsatt et al. (1993) reported that the tissue content 
of immunoreactive PGHS-1 does not change during late gestation or in 
association with labor in the ewe. This occurs despite increased pro- 
staglandin production at the time of parturition. These data are consistent 
with the suggestion that PGHS-2 may be the principal isozyme contrib- 
uting to prostanoid formation at the time of labor. In support of this 
hypothesis, we have demonstrated induction of PGHS-2 enzyme in ovine 
cotyledon following intrafetal administration of the glucocorticoid be- 
tame thasone . 

C. Prostaglandins and Parturition 

Normal parturition in the sheep is associated with a marked increase 
in concentrations of PGF,, in utero-ovarian vein plasma (Mitchell et al., 
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1979) and uterine tissues (Risbridger et al., 1985 cited in Challis and 
Olson, 1988). Mitchell et al. (1 97’9) observed increased concentrations 
of PGE,, PGFM, and 6-keto-PGF1, (the major metabolite of PGI,) before 
spontaneous labor. Similarly, the concentration of PGE, in fetal plasma 
and of PGE,, PGF,,, and 6-keto-PGF,, in amniotic fluid increases before 
delivery (Challis and Lye, 1986). 

In vitro studies have demonstrated that uterine prostaglandin output 
remains low until the later stages of gestation. Olson et al. (1986) 
measured concentrations of PGE,, PGF,,, PGFM, 6-keto PGF,,, and 
6-keto PGE, at day 13 1 of pregnancy. PGE, concentrations were high in 
chorioallantois and the fetal portion of the cotyledons. PGFM concen- 
trations were high in maternal endometrium. Moreover, Evans et al. 
(1982 as cited by Liggins and Thorbum, 1994) measured intrauterine 
tissue concentrations of PGE,, PGF,,, and 6-keto PGF,, at different 
stages of pregnancy in sheep. No difference in the tissue content of these 
PGs was observed at days 50, 100, and 130 of gestation. The concentra- 
tions of these PGs in cotyledons, chorioallantois, and amnion, however, 
were all significantly higher on days 130 and 145 than on days 50 or 100 
of pregnancy. Risbridger et al. (1985 as cited by Challis and Olson, 1988) 
examined the in vitro capacity of ovine trophoblast cells to synthesize 
PGs. The synthesis of PGF,,, PGE,, and 6-keto-PGF1, was found to be 
low during early and mid gestation. The synthesis of PGs increased only 
after 100 days of gestation. A similar profile was observed by Rice et al. 
( 1988). These investigators demonstrated that the prostaglandin synthe- 
sizing capacity of cotyledonary microsomes prepared from ewes 2 1-1 45 
days of gestation increased only in late gestation. On the basis of these 
data we proposed that PG production by gestational tissues is regu- 
lated throughout pregnancy by the expression of PGHS, which is low 
during early pregnancy and increased at term (Thorburn and Rice, 
1987). 

VI. MYOMETRIUM AND THE CERVIX 

Throughout pregnancy the myometrium remains relatively quiescent, 
providing an appropriate environment within the uterus for the develop- 
ing fetus. At term, rhythmic and sustained contractions of the uterine 
muscle and dilatation of the cervix combine to expel the fetus when it is 
mature enough for independent life. 
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A. Myometrial Structure 

The sheep uterus is a bicomate structure, consisting of two separate 
horns and a common segment. The smooth muscle bundles of the uterus 
are arranged in two layers, which together form the myometrium. The 
outer layer muscle bundles are arranged longitudinally and shorten the 
uterus cephalo-caudally upon contracting. The inner layer muscle bun- 
dles are arranged concentrically around the long axis of the uterus. 
Contraction of this layer constricts the uterine lumen. The uterine smooth 
muscle cell is a spindle shaped and elongated cell at rest and varies in 
size from 2MOO pm long by 2-10 pm wide. The dimension of a cell is 
dependent upon its functional state, with the longest cells being observed 
in term pregnant animals. 

During labor, the myometrium must function optimally and develop 
well-coordinated synchronous contractions. This requires well devel- 
oped cell-cell coupling. Gap junctions are thought to be responsible for 
this coupling. These intermembranous pores provide sites for low-resis- 
tance electrical or ionic coupling as well as a pathway for the transport 
of metabolites directly between cells. Throughout pregnancy, the number 
of gap junctions is low or minimal. At term, the number increases 
dramatically. This is thought to be facilitated by the changing endocrine 
milieu, in particular the rise in intra-uterine concentrations of oxytocin. 
In addition, the decrease in progesterone levels and rise in estrogen 
production at term causes an increase in the synthesis of proteins asso- 
ciated with gap junctions. The proteins are inserted into the plasma 
membranes of cells and aggregate to form membranous pores. PGs 
modulate the aggregation process. PGF,, and PGE, stimulate aggrega- 
tion while prostacyclin (PGI,) inhibits gap junction formation. 

The organization of the smooth muscle cell is different from that of 
skeletal muscle. The thick myosin and thin actin filaments of the con- 
tractile system occur in long, random bundles throughout the smooth 
muscle cell and the continuity of these filaments is not interrupted by 2 
lines. Analogous to the Z lines are intermediate filaments, which form a 
network with dense protein bodies. The intermediate filaments and dense 
bodies are not directly involved in the contractile process but are distrib- 
uted throughout the cytoplasm and on the inner surface of the cell 
membrane. This provides a framework for actin attachment to support 
integrated cellular contractions. In skeletal muscle, the contraction is 
aligned with the axis of the muscle fibers. In smooth muscle, the pulling 
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forces can be exerted in any direction, allowing the uterus to assume any 
shape capable of accommodating the growing fetus. 

The above section has provided a brief account of the gross structure 
of the myometrium. For information regarding the ultrastructure and 
biochemistry of myometrial contraction, the reader is referred to several 
excellent reviews (Huszar and Roberts, 1982; Challis and Olson, 1988). 

B. Hormonal Control of Myometrial Contractility 

Throughout pregnancy, the uterine muscle is relatively quiescent, 
however, it is never completely inactive. In the sheep, electromyographic 
(EMG) activity has been recorded at day 64 of gestation (term approxi- 
mately 145 days). At this time, the episodes of myometrial contraction 
are characteristically of long duration (four minutes or more) and low- 
amplitude (<5 mmHg) and occur approximately once per hour. This is 
not sufficient to expel the uterine contents. 

At term, bursts of EMG activity are of one minute duration or less and 
cause an increase in intra-uterine pressure of greater than 5 mmHg. 
Contractions occur at a frequency of 30 eventsh (Harding et al., 1982 
cited in Challis and Olson, 1988). The ability of the uterine muscle to 
develop strong contractions at term is the result of many factors including 
the appearance of receptors for oxytocin and estradiol- 17p, enhanced 
synthesis of stimulatory agonists, reduced production of inhibitory fac- 
tors, a lower resting membrane potential of cells, and improved conduc- 
tion between cells due to the formation of gap junctions. 

The relative inactivity of uterine muscle throughout pregnancy is 
largely attributed to progesterone. Progesterone has an antagonistic 
effect on the estrogenic induction of uterine oxytocin receptors. Exoge- 
nous administration of progesterone decreases uterine activity and delays 
parturition. Moreover, progesterone acts to suppress excitation-contrac- 
tion coupling as well as the formation of gap junctions. The inhibition 
of myometrial contraction of uterine muscle in vitro by progesterone is 
subject to a time lag (Lye and Porter, 1978). This is consistent with an 
action on protein synthesis. 

Several other factors are responsible for myometrial contractile re- 
fractoriness throughout gestation. PGI, is a major prostaglandin pro- 
duced by the ovine myometrium. Exogenous administration in the sheep 
abolishes spontaneous electrical and mechanical activity within minutes 
of administration (Lye and Challis, 1982 cited in Challis and Lye, 1986). 
Moreover, PGI, acts to inhibit gap junction formation. Administration of 
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relaxin also inhibits spontaneous myometrial contractions (Porter et a]., 
198 1). Concentrations of relaxin increase steadily during pregnancy. The 
precise role of relaxin, however, in species where progesterone is inhibi- 
tory is yet to be elucidated. 

Despite PGI, and relaxin acting to inhibit myometrial activity alone, 
they do not block the stimulatory response of the myometrium to 
oxytocin or PGF,,. Other peptides that may have a role in maintaining 
uterine quiescence throughout pregnancy include vasoactive intestinal 
polypeptide (VIP) and catecholamines. The exact nature of the contribu- 
tion of these peptides is yet to be established. 

C. The Cervix 

The cervix is a strong, rigid, and collagenous structure that ensures 
the products of conception are retained within the uterus. In the sheep, 
the cervix is composed of three structural layers: 

1. An inner mucosa and submucosa; 
2. A layer of smooth muscle that is continuous with that of the uterus 

and vagina; and 
3. An intermediate layer consisting of collagen, a limited amount of 

smooth muscle and a connective tissue matrix. 

Remodeling of cervical tissue takes place during pregnancy in prepa- 
ration for dilatation at birth. Stys et al. (1 978) demonstrated a rise in 
cervical compliance following labor induction with dexamethasone. 
Cervical softening still occurred, however, when progesterone was ad- 
ministered simultaneously in sufficient doses (200 mg/day) to prevent 
the prepartum fall in this steroid. Labor onset was also inhibited. Thus, 
the release from progesterone dominance may not be a prerequisite for 
cervical ripening. 

PGs not only enhance uterine contractility but also contribute to 
cervical effacement and softening. Mitchell and Flint (1 978) adminis- 
tered the PGHS inhibitor meclofenamic acid to late pregnant ewes in 
which labor had been induced by the intra-fetal infusion of dexametha- 
sone. Despite an alteration in the steroid milieu which normally accom- 
panies parturition, delivery did not take place until the inhibitor had been 
withdrawn. Upon removal of this inhibitor, coordinated myometrial 
contractions and cervical dilatation ensued. Cervical softening was 
blocked by the inhibition of PG synthesis. It has been demonstrated 
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previously that when PGE, or PGF,, is given by intra-aortic infusion or 
delivered locally by an intra-cervical catheter, cervical softening occurs 
(Thorbum and Liggins, 1994). 

The sheep cervix has been shown to contain large amounts of PGs in 
vitro (Ellwood et al., 1980). During late pregnancy (105-135 days of 
gestation), concentrations of PGF,,, PGFM, 6-0x0-PGF ,,, and throm- 
boxane B, are low. Production of PGE, predominates at this time. At 
delivery, the pattern of prostanoid production significantly alters. There 
is an increase in the synthesis of PGE, and 6-oxo-PGF,, when compared 
to late pregnant tissues. Collagen breakdown may be a part of the 
mechanism of cervical softening in the ewe. The principal enzyme 
involved in collagen breakdown is collagenase. It is a highly specific 
enzyme that cleaves the collagen molecule at a particular site, resulting 
in denatured products susceptible to attack by non-specific proteases. 
The changes that occur in the cervix during gestation and parturition 
include an increase in vascularization and mass, and a decrease in the 
organization of collagen and dermatan sulphate (Fosang et al., 1984). 
The tissue of the cervix becomes edematous following labor onset. 
Fosang and coworkers (1 984) demonstrated an eightfold increase in 
cervical mass throughout the course of gestation. The morphology of the 
cervix did not differ at 100 days gestational age when compared to 
non-pregnant ewes. At 140 days of gestation, however, there was evi- 
dence of the loss of the structural organization of the cervix. This was 
indicated by frayed collagen fibers, wider spaces between cells, and 
infiltration of inflammatory cells, lymphocytes, and some eosinophils. 
At term, the collagen fibers were shown to be small and randomly 
organized. Cervical morphology had recovered 18 h postpartum. Hy- 
droxyproline is commonly used as an indicator of collagen content. The 
concentration of this molecule was shown to be similar in non-pregnant 
animals and at day 100 of gestation. The concentration, however, de- 
creased progressively to term. 

Uterine myometrial contractions do not contribute to the change in 
cervical compliance associated with delivery. In a study by Ledger et al. 
(1985), the cervices of ewes were transected to effectively isolate them 
from mechanical and vascular connections with the myometrium. Sub- 
sequently, labor was induced in these ewes by the intra-fetal administra- 
tion of dexamethasone. The ewes were killed and the cervices collected 
48 h after dexamethasone administration. The compliance of each cervix 
was examined. Transected ewes still demonstrated cervical ripening. 
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These data suggest that biochemical changes that occur prior to delivery 
are of greater significance to cervical effacement than muscular activity. 

VII. SUMMARY 

The aim of this chapter was to provide a summary of the biochemical 
and physiological changes associated with late pregnancy and parturition 
in the ewe. The data presented clearly implicate the steroids, estrogen, 
and progesterone, and other stimulatory agonists including oxytocin, 
ACTH, and cortisol in the complex chain of hormonal events leading to 
birth. A critical event in determining the timing of labor onset in sheep 
is the maturation of the fetal HPAaxis and the induction of steroidogenic 
enzymes within the placenta. Together, these changes work synchro- 
nously to culminate in myometrial contractile activity capable of expul- 
sion of the fetus and uterine contents. 
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ABSTRACT 

The laying of hard-shelled eggs (oviposition) by all birds and certain 
reptiles is a pivotal step in reproduction and in the successhl survival of 
these species. The regulation of oviposition, not unlike that of parturition 
in mammals, is under the influence of multiple factors. Of these, the 
neuropeptide, arginine vasotocin (AVT), and the primary prostaglandins 
(PGF,, and PGE,) play leading roles. In addition, a putative ovarian 
oviposition-inducing factor may also participate in the timing of oviposi- 
tion. From extensive in vivo and in vitro studies a good deal of evidence 
has accumulated that AVT and prostaglandins promote the contractile 
activity of the shell gland (uterus) muscle, a function that is coordinated 
with the opening of the utero-vaginal sphincter under the influence of 
PGE, and the relaxation of the vagina, allowing the egg to be expelled. 
Results of experiments are presented which indicate that PGF,, and AVT 
diverge in their cellular and molecular actions, in terms of regulating 
intracellular calcium ion concentrations that are generally believed to be 
an essential feature of the contractionhelaxation cycle of uterine smooth 
muscle. At physiological concentrations, PGF,, promotes Ca2+ entry into 
these cells, whereas AVT activates the phosphoinositide cycle, generating 
the calcium mobilizer, inositol trisphosphate, as well as enhancing cal- 
cium uptake from the extracellular compartment. 

1. INTRODUCTION 

Although the focus of this volume is on the pregnancy and parturition of 
eutherian (placental) mammals, oviposition (egg-laying) is an essential 
feature of reproduction in oviparous reptiles and all birds, representing 
about three quarters of the species belonging to terrestrial vertebrates. In 
addition, a subclass of mammals, the monotremes, represented by the 
duckbilled platypus and the spiny anteater, also reproduce by laying 
fertilized eggs. The newly hatched offspring subsequently nurse fiom 
mammary gland-like structures. Indeed, until the development of the 
amniotic egg some 250-300 million years ago, viewed by biologists as 
a landmark in the history of the evolution of terrestrial vertebrates, all 
embryonic development took place in an external watery environment. 
The amniotic egg, while offering a similar environment for embryogene- 
sis, an essential attribute throughout the animal kingdom, also provided 
the nutrients, as well as a protective casing in the form of porous 
membranes and calcareous shell. This allowed for progressively longer 
absences from rivers and lakes, resulting in the colonization by reptiles 
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of much of the landmass during the Triassic period (about 200 million 
years ago), thus replacing the 'amphibians as the dominant animals on 
land. The subsequent evolution of birds from reptiles, equipped with a 
four chambered heart and feathers for flying, added a new dimension to 
the dispersion of egglaying vertebrates throughout the globe. 

In this chapter we shall describe how an egg is made, from ovulation 
until oviposition, and the various factors believed to be involved in the 
regulation of these processes. Because much of what we know has been 
obtained by studying the reproductive biology of the domestic chicken, 
we have chosen this remarkable animal as the prototypical egglaying 
model. When appropriate, brief references will be made to other species 
of birds or certain reptiles. 

The reproductive physiology of the domestic fowl has been exten- 
sively studied and the interested reader may wish to consult one or more 
of the following texts and reviews: Bell and Freeman (197 l), Nalbandov 
(1 976), Freeman (1983), Cunningham et al. (1 984), Cunningham (1987), 
Etches (1990), and Sharp (1993). Here we only offer a brief description 
of some of the salient points leading to oviposition. 

11. THE REPRODUCTIVE ORGANS AND THEIR 
FUNCTIONS 

The reproductive organs of our model, the domestic hen, consist of a 
single ovary and oviduct. During the 10-12 days preceding the onset of 
reproductive activity (i.e., the laying of the first egg), these organs 
increase in size more than 1 00-fold and occupy much of the abdominal 
cavity (Figure 1). Although only the left ovary and oviduct develop 
during embryogenesis, occasionally a vestigial ovary and oviduct may 
also be found on the right side. 

A. TheOvary 

In contrast to mammals, the ovary of the regularly laying hen contains 
a cluster of follicles of different sizes, reflecting different stages of 
maturation. The largest one of these (F,), containing the ovum ("yolk"), 
will be ovulated first, by mechanisms still largely unknown. Its place will 
be taken by the second largest follicle (FJ, which will ovulate the next 
day and so on. This hierarchical arrangement permits the shedding and 
entry of a single ovum into the oviduct and the subsequent completion 
of egg formation and oviposition on the following day (see following). 
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MATURE OVUM KIDNEY 
INFUNDIBULUM 

Figure 1. Outline of the reproductive tract of the chicken in relation to the other 
organs in the body cavity. The single ovary and oviduct are on the hen’s left side. 
(Reprinted with permission from Taylor, T.G., Scientific American, March 1970, 
pp. 88-95.) 

Occasionally two follicles may ovulate, giving rise to a double-yolk egg. 
Ovulation occurs during daylight hours and since it takes a little more 
than 24 h from ovulation to oviposition, and because rupture of the next 
follicle takes place about 15-45 min after oviposition, a complete egg 
cycle requires about 25-26 h. Hence ovulation occurs a little later each 
day, until the terminal egg in a sequence is ovulated, to be followed by 
an anovulatory or “pause” day or two. Modem commercial layers, bred 
for high rates of egg production may have long uninterrupted sequences, 
lasting for several weeks. Folliculogenesis, as well as ovulation, are 
controlled by pituitary gonadotropins. Hypophysectomy is rapidly fol- 
lowed by ovarian atresia. Ovulation is preceded by a rise in plasma LH 
levels, peaking between 4-7 h before ovulation; an injection of LH prior 
to the endogenous rise will induce premature ovulation. In birds, unlike 
in mammals, progesterone plays the role of positive signal for LH 
release, for it can induce LH surge and ovulation when injected at certain 
times during the normal ovulatory cycle. This role of progesterone is 
supported by the findings that it is taken up maximally in the anterior 
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pituitary and median eminence 8 h before ovulation. These observations 
are consistent with the early studies of Ralph and Fraps (1960) who 
induced premature ovulation in hens by injecting progesterone directly 
into the hypothalamus or the caudal neostriatum. The dissection of the 
temporal relationship between the rise in circulating progesterone and 
LH has not been an easy task, due to the compression of these cyclic 
hormonal changes into a relatively short period during the daily ovula- 
tory cycle. 

B. The Oviduct 

The length of the laying hen’s oviduct is 55-60 cm long and weighs 
45-50 g. It can be divided into morphologically and functionally discrete 
regions: infundibulum, magnum, isthmus, shell gland (uterus), and va- 
gina (Figure 2). Some investigators identify the region between the shell 
gland proper and the isthmus as the “tubular shell gland,” thus dividing 
the oviduct into six regions. 

Shortly after oviposition has taken place, unless it was the terminal 
egg in a sequence, a fresh ovum is released from the largest follicle into 
the abdominal cavity, where it is engulfed by the funnel-shaped segment 
of the oviduct, the infundibulum (the functional equivalent of the fmbria 
of the Fallopian tube in mammals). It is here that the egg is fertilized in 
hens that have been mated. The yolk passes through this approximately 
9 cm long portion of the oviduct in 15-20 min. Following this, the yolk 
enters the magnum, the longest (approx. 30 cm) and most glandular 
segment of the oviduct, where the albumen, or egg white, is secreted in 
about 3 h. During the next one and one-half hours the egg traverses the 
isthmus portion of the oviduct, where the soft shell membranes are 
formed. Next, the egg, encased in shell membranes, enters the thick 
muscular pouch, the shell gland, or uterus where it spends about 20-2 1 
h. During this time fluid is takenup into the egg (the “p1umping”process) 
and the hard, calcareous shell is formed. The average egg shell weighs 
5 g, of which 2 g is calcium. Most of the shell deposition is accomplished 
in about 16 h. Thus, calcium is extracted from the circulation at an 
average rate of 125 mgk. Since the total amount of calcium in the 
circulation is about 25 mg at any one time, the hen removes this amount 
from the blood every 12 min during the period of active shell formation. 
Part of this is derived directly from dietary sources, but a significant 
portion is obtained from the skeleton. Under the regulatory influence of 
sex hormones, the marrow cavities of most bones of reproducing female 
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Figure2. Gross structure of the ovary and oviduct of the chicken. (Reprinted with 
permission from Taylor, T.G., Scientific American, March 1970, pp. 88-95.) 
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birds are filled with a spongy secondary bone, the so-called “medullary” 
bone, that has been shown to provide most of the skeletal calcium for 
shell formation. Not surprisingly, the medullary bone undergoes periods 
of profound osteoclastic activity during shell calcification, followed by 
the dominance of osteoblasts, the bone-forming cells. When shell forma- 
tion has been completed, the egg is pushed into the vagina by the 
contractile force of the musculature of the uterus and is expelled via the 
cloaca, in the act collectively referred to as oviposition. 

111. REGULATION OF OVIPOSITION 

Several putative factors have been implicated in the control of oviposi- 
tion. These include neurohypophyseal hormones, primarily arginine 
vasotocin (AVT), sympathomimetic amines, ovarian oviposition induc- 
ing factors (OOIF), steroid hormones, and prostaglandins (PG). Evi- 
dence will be reviewed to show that, of these, PG and AVT play major 
roles. 

A. Neurohypophyseal Hormones 

The hypothalamus of avian, as well as amphibian and reptilian spe- 
cies, elaborates AVT and mesotocin. The structural homology of these 
neuropeptides with the predominant mammalian neurohypophyseal hor- 
mones, oxytocin and vasopressin, is illustrated in Table 1. There is 
evidence that the avian hormones are also synthesized in the hypothala- 
mus as larger precursor peptides and transported in conjunction with 
neurophysins along axons to the neurohypophysis. Immunohistochemi- 
cal studies have identified both vasotocinergic and mesotocinergic neu- 
rons in the preoptic region, including the supraoptic nucleus and the 
paraventricular nucleus. 

Table 7. Comparison of Amino Acid Sequences of Mammalian 
and Avian Oxytocic Peptides 

1 2  3 4 5 6 7 8  9 

Oxytocin Cys Tyr Ile Gln Asn Cys Pro Leu Gly(NH,) 
Argininevasopressin Cys Tyr Phe Gln Asn Cys Pro Arg Gly(NH,) 
Argininevasotocin Cys Tyr Ile Gln Asn Cys Pro Arg Gly(NH2) 
Mesotocin Cys Tyr Ile Gln Asn Cys Pro Ile Gly (NH2) 
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What is the evidence that AVT is involved in the control of oviposi- 
tion? The classic study by Riddle (1921) demonstrated that injection of 
posterior pituitary extract induces premature oviposition in chicken. The 
subsequent identification of AVT as the principal avian oxytocic hor- 
mone (Munsick et al., 1960), and its commercial availability, opened up 
new avenues of investigation. Thus, it was observed that AVT is more 
potent than vasopressin or oxytocin in stimulating uterine contractility 
in vitro, as well as inducing oviposition in chickens (Rzasa and Ewy, 
1970). Moreover, the efficacy of AVT to induce premature oviposition 
increases as the time of spontaneous oviposition approaches. An analo- 
gous phenomenon, with respect to increased oxytocin sensitivity with 
approaching parturition in mammals, has been amply documented. How- 
ever, Olson et al. (1978) did not observe significant differences in 
contractile responses to AVT when shell gland strips, removed 6 h before 
oviposition, at oviposition and 6 h after oviposition, were stimulated in 
vitvo. A decrease in bioassayable oxytocic substance in the posterior 
pituitary around the time of oviposition was found to correlate with an 
increase in circulating levels in the laying hen. Development of sensitive 
radioimmunoassays allowed the precise measurement of circulating 
levels of AVT during the laying cycle. Corroborating earlier bioassay 
data, maximal immunoreactive AVT values were found in plasma at the 
time of oviposition, declining rapidly to basal levels within 15-30 min 
(Tanaka et al., 1984). Because of the temporal overlap in the increase in 
plasma AVT and oviposition, it has not been possible to ascertain whether 
AVT is responsible for the initiation of oviposition or, as in the case of 
oxytocin’s role in parturition, its release is coupled to a neural reflex 
activated by the mechanical stretch exerted by the contracting shell gland 
on the one hand, or, on the other hand, pressure exerted on the vaginal 
sphincter (the functional homologue of the cervix) by the hard-shelled 
egg. Yet there is experimental evidence to suggest that plasma AVT levels 
rise at the time of expected oviposition, even when premature oviposition 
is induced with PG some hours earlier (Shimada and Saito, 1989). This 
would suggest that mechanical stretch is not essential for the release of 
AVT into the circulation and indicates that a “built-in clock” may 
participate in triggering hormone release from the posterior pituitary. 

The source of AVT has also not been clearly established. Even though 
the available evidence indicates that the release of AVT from the neuro- 
hypophysis correlates with elevated plasma levels at the time of ovipo- 
sition, AVT may also be derived from the ovary, acting in a paracrine 
fashion on the oviduct. Indeed, both AVT and mesotocin have been 
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identified in extracts of chicken ovaries and ruptured postovulatory 
follicles. Moreover, Shimada Ct al. (1987) have found significant levels 
of immunoreactive AVT in the venous effluent of the largest and second 
largest preovulatory follicles immediately after oviposition. However, 
because these values were lower than those measured in peripheral blood 
collected at the same time, it appears unlikely that AVT from ovarian 
sources is a major contributor to circulating levels of this neurohormone 
at the time of oviposition. 

B. Ovarian Oviposition-Inducing Factor (OOIF) 

The notion that the ovaries are involved in the control of oviposition 
stems from the observation made by Rothchild and Fraps, more than a 
half century ago (1944), that the removal of the freshly ruptured follicle 
(POF,) caused a striking delay in oviposition from 9 h to 7 days in 3 1 of 
37 such treated hens, whereas sham-operated hens laid at expected times. 
Subsequently, Tanaka and associates at Kyushu University demonstrated 
that surgical removal of either the largest preovulatory follicle, or the 
POF, corresponding to the terminal ovulation of a sequence, delayed 
oviposition until the first ovulation of a new sequence following an 
anovulatory day. Shimada and colleagues at Nagoya University, using 
an electrotelemetric device to record uterine activity in the hen, have also 
demonstrated that the removal or ligation of the largest preovulatory 
follicle prevented the characteristic pre-ovipository increase in uterine 
activity. However, if the ligation was performed 30 min before ovulation 
of the first egg of a sequence, uterine activity was not inhibited, suggest- 
ing that if a contractile ovarian factor is released, it must occur 0.5-1 h 
before the expected ovulation. It may not be a coincidence that pro- 
staglandin levels also peak at this time. The cellular origin of this ovarian 
factor may be the granulosa, since the scraping away of the granulosa 
layer, without ligation or removal of the follicle itself, is sufficient to 
retard oviposition. Moreover, a saline-soluble extract of the ruptured, 
postovulatory follicle or the preovulatory follicle, removed not earlier 
than 20 h prior to expected ovulation when injected into normal laying 
chickens, can induce oviposition prematurely. It has been suggested by 
the Japanese investigators that this oviposition-inducing follicular factor 
is a peptide similar in its chemical nature to AVT, vasopressin, or 
oxytocin. Subsequent efforts by Tanaka’s group to isolate the ovarian 
factor from about 1 Kg of fresh follicular tissue yielded about 4 mg of 
highly purified active substance, as measured by a hen oxytocic bioassay 
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in vitvo. The purified product was found to be acidic (isoelectric point 
about pH 3.5), heat resistant (no loss of bioactivity after heat treatment 
at 100°C for 10 min), and devoid of prostaglandins. Yet when injected 
into two laying chickens with soft-shelled eggs in the uterus, it caused 
immediate oviposition. However, the chemical structure of this putative 
ovarian oviposition-inducing factor remains unknown. 

C. Sympathomimetic Amines 

A considerable amount of work has been done on the nervous control 
of oviposition. Thus, stimulation of the preoptic hypothalamus causes 
premature voiding of the egg, whereas stimulation of the telencephalon 
prolongs the time the egg spends in the uterus. Adrenergic mechanisms 
may also be involved in the activity of the hen’s oviduct, since the 
presence of both alpha and beta receptors has been demonstrated. The 
stimulation of the latter relaxes the hen’s uterus as it does the 
myometrium, an effect that can be prevented by beta adrenergic blockers. 
Beta adrenergic receptor-mediated relaxation of uterine smooth muscle 
has been generally attributed to the activation of the adenylyl cyclase and 
the intracellular accumulation of cyclic AMP. It was surprising, there- 
fore, to find that intrauterine administration of dibutyryl cyclic AMP to 
laying hens induced premature oviposition, a phenomenon that might 
have resulted from the relaxation of the utero-vaginal sphincter and the 
vaginal segment of the oviduct itself. That the adenylyl cyclase-cyclic 
AMP signaling pathway is operative in the avian oviduct, including the 
shell gland, but particularly in the above-mentioned regions of the 
oviduct was demonstrated by the finding that PGE,, PGE,, as well as 
forskolin alone and, especially, in combination, caused a dose-related 
increase in cyclic AMP accumulation in vitro (Molnar et al., 1987). 

In vitro studies on shell gland strips using the mixed CI and p agonist, 
epinephrine, yielded variable responses, whereas the pure j3 agonist, 
isoproterenol, consistently relaxed the strips. When intraluminal pres- 
sure in the various segments of the laying hen’s oviduct was measured, 
it was observed that norepinephrine promoted contractile activity in all 
regions, except the shell gland, which relaxed. On the other hand, 
isoproterenol caused only relaxation throughout the oviduct, an effect 
that was blocked by propranolol. Despite these, and some other similar 
observations, it seems unlikely that sympathetic mechanisms play a 
decisive role in the regulation of oviposition, since transection of the 
sympathetic nerves leading to the shell gland had no effect on egg laying. 
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It appears more likely, therefore, that endocrine and paracrine factors 
may play an important, functional role in the regulation of oviposition. 

D. Steroid Hormones 

Whereas steroid hormones, primarily estrogen and progesterone, have 
a profound regulatory influence on parturition, their role in avian ovipo- 
sition is obscure, even though the chicken oviduct has served as a widely 
used model to study the mode of action of estrogen and progesterone. It 
has been suggested that the progesterone-dominated oviduct of the hen, 
unlike the mammalian uterus, is active. Other studies, however, show a 
significant fall in plasma, as well as follicular progesterone levels shortly 
before oviposition. Clearly, new efforts are necessary to examine, both 
on organ, cellular, and molecular levels, the potential role of female sex 
steroids in the regulation of oviposition. 

IV. ROLE OF PROSTAGLANDINS IN OWPOSITION 

Prostaglandins belong to a group of compounds, the eicosanoids, a 
populous family of oxygenated and conjugated derivatives of the 20 
carbon polyunsaturated essential fatty acid, arachidonic acid (AA). 
Prostaglandins are synthesized via the cyclooxygenase pathway by the 
enzyme, prostaglandin endoperoxide H, synthase, (cyclooxygenase), of 
which two isoforms have been identified, the constitutively expressed 
type 1 (COX-1) and the inducible type 2 (COX-2). In addition, AA can 
be metabolized by the lipoxygenase pathway to various leukotrienes and 
other products, or via the epoxygenase route by cytochrome P,,,enzymes 
to various epoxy fatty acids (Figure 3). The view has been generally held 
that the release of AA from phospholipids represents the rate-limiting 
step in the biosynthesis of prostaglandins. Although AA can be released 
by the activation of various phospholipases (see Figure 4), growing 
evidence indicates that a cytosolic isoform of phospholipase A, (cPLA,) 
may play a key role in agonist-activated release of AA in a variety of 
cells, by a mechanism involving the phosphorylation of this enzyme by 
mitogen-activated protein kinases. 

Of all the putative factors implicated in the regulation of oviposition, 
the physiological role and mode of action of the primary prostaglandins 
E, and F,, have been the most extensively studied. Below we shall review 
this evidence, which leads us to propose that these prostaglandins are an 
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Figure 3. The arachidonic acid (AA) cascade. Note that the primary prostagland- 
ins are generated via the cyclooxygenase branch of AA metabolism. (Reprinted 
with permission from Hertelendy, F., and Toth, M. (1 993). Proc. Zool. SOC. Calcutta, 
Haldane Comm. 195-21 6.) 

essential component of the physiology of avian and, possibly, reptilian 
(Guillette, 1990) oviposition. 

A. In Vivo Effects 

Early experiments have demonstrated that the intrauterine administra- 
tion of small amounts of these prostaglandins induced premature egg- 
laying within minutes in the Japanese quail, domestic chicken, and the 
turkey hen (Table 2). (These observations have subsequently been con- 
firmed in a number of laboratories in the United States, as well as in 
Europe and Japan.) Moreover, intrauterine injection of AA, the principal 
precursor of prostaglandins and other prostanoids, as well as phospholi- 
pase A, the enzyme most responsible for the liberation of free AA from 
phospholipid stores, also induced oviposition. These effects were inhib- 
ited by adminstration of the cyclooxygenase blockers, indomethacin, and 
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Table 2. Prostaglandins were Injected Directly into the Uterus Several Hours 
before Expected Oviposition 

Indzrrtion of Oviposition b,v Prostaglandins 
Average 

Successful Induction Time 
Species Compound Dose find # of Tests Induction (min) 

Quail PGE I 0.01 7 5 
0.1 19 15 3.0 

PGEZ 0.01 8 2 5.5 
0.1 9 5 2.0 
1.0 4 4 4.0 

PGF2a 1 .o 9 7 21.5 

0.25 39 39 3.9 
PGE2 0.05 5 2 10.5 

0.1 5 5 5.2 

1 .o 6 6 3.2 
Turkey PGEl 1 .o 5 5 7.0 

PGE, 1 .o 5 5 9.0 
PGF2, 1 .o 4 1 7.0 

5.0 4 4 7.5 

PGEl 0.05 7 4 9.5 

PGF2a 0.1 8 3 4.7 

Chicken 

Source: Henelendy, F. In: Avian Endocrinology (Epple, A,, L Stetson, M.H., Eds), pp. 445-479 
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aspirin, indicating the presence and operation of the enzymatic machin- 
ery for prostaglandin synthesis in’the avian uterus. 

Additional experiments provided hrther evidence in support of a key 
role for prostaglandins in the physiology of oviposition. First, an oral 
administration of indomethacin several hours before expected spontane- 
ous oviposition caused a retention of the egg in the uterus for an 
additional 12 h, or about 50% longer than the normal length of time an 
egg spends in the shell gland, while control hens receiving placebo laid 
at the expected time. Such treatment with indomethacin reduced plasma 
PGE levels by approximately 90%. Furthermore, injection of pro- 
staglandins E or F,, in indomethacin-blocked chickens invariably in- 
duced oviposition. It is of interest to note that in these and other in vivo 
studies, the E series of prostaglandins were found to be markedly more 
potent inducers of oviposition than PGF,,, due perhaps to their contrac- 
tile effect on uterine smooth muscle, combined with their relaxant action 
on the uterovaginal sphincter and vagina. These properties of PGE, are 
believed to underlie its efficacy in the induction of labor at term or 
interruption of pregnancy, in combination with RU486, in humans. 

Second, neutralization of endogenous prostaglandin with PGE antis- 
erum, raised in a goat, inhibited spontaneous oviposition, by a duration 
similar to that observed with indomethacin, whereas injection of normal 
goat serum had no effect. Third, plasma levels of PGFM, the stable 
metabolite of PGF,,, rise significantly at the time of oviposition, both at 
midsequence and at the terminal oviposition of a laying sequence (Figure 
5). Significantly, PGFM levels increased at the time of expected ovipo- 
sition, even when such was inducedprematurely by intravenous injection 
of AVT several hours earlier. Thus, the rise in prostaglandin levels cannot 
be attributed to physical stretch or increased muscular activity, factors 
that have been implicated in conjunction with mammalian parturition. 
However, the potential influence of the presence of a hard egg in the shell 
gland cannot be completely ruled out, because the efficacy of exogenous 
prostaglandins to induce oviposition increases during the laying cycle as 
the time of expected oviposition approaches. Similar findings have also 
been reported for the efficacy of AVT. Interestingly, the sensitivity of the 
mammalian uterus to uterotonic agents also increases progressively with 
approaching parturition. In sub-primate species exhibiting progesterone 
withdrawal before the onset of parturition, this phenomenon has been 
explained by the “progesterone block” theory (Csapo, 1956). Fourth, 
electrophysiological data, obtained in vivo from chronically instru- 
mented chickens, demonstrating increased electrical activity at the time 
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Figure5. Plasma PGFM levels around the time of midsequence oviposition (upper 
panel) and during terminal oviposition (Ct), when oviposition i s  not followed by 
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of oviposition, regardless of whether such occurred spontaneously or 
following premature induction with AVT, provided good correlation with 
concomitant changes with prostaglandin levels (Shimada et al., 1984). 

In another study, prompted by the possibility that prostaglandins, 
when administered locally, may act as detergents on the surrounding 
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musculature, we investigated the effects of a nonionic detergent, Triton 
X- 100, as well as deoxycholate, on oviposition in chickens (Hertelendy 
et al., 1979). Intrauterine injection of 0.5 mi of either a 0.2% solution of 
Triton X-100 or a 0.2% solution of deoxycholate, 3-5 h before the 
expected time of spontaneous oviposition, induced premature egg laying 
in 10/10 hens within a mean time of 7.8 min, or 5/5  hens within 13.2 min, 
respectively. None of the control birds which received the same volume 
of saline laid before the predicted time of oviposition, based on carefully 
kept records. However, when hens were pretreated with indomethacin 
several hours prior to the injection of detergents, none of the 10 birds 
tested laid. In fact, eggs were retained by an average time of 7.6 h beyond 
the expected time of spontaneous oviposition. Similar results were 
obtained when hens were pretreated with cortisol, another known inhibi- 
tor of prostaglandin synthesis. Once again, the oviposition inhibitory 
effect of indomethacin in detergent-treated hens could be completely 
reversed by administration of exogenous PGE,. These experiments 
indicated that the action of detergents was mediated by PG release, 
adding further credence to the notion that locally produced prostagland- 
ins have important functional roles in initiating and completing oviposi- 
tion. Although the mechanism by which detergents promote 
prostaglandin output in vivo is unknown, in vitro evidence indicates that 
Triton X- 100 affects phospholipid metabolism in human decidua and 
primordial placenta preparations (Toth et al., 1987). 

Taken together, these in vivo studies, using various experimental 
approaches, have established the premier role for prostaglandins in the 
process of oviposition. 

6. Sources of Prostaglandins 

Ovarian Sources 

There is considerable evidence that the rise in circulating pro- 
staglandin levels around the time of oviposition is derived from ovarian 
follicles. Day and Nalbandov (1 977) reported a fourfold increase in PGF 
concentration in the largest preovulatory follicle and a 1 00-fold increase 
in the ruptured postovulatory follicle 1-2 h before oviposition. This rise 
in PGF levels, as well as oviposition, were inhibited by prior treatment 
with indomethacin. The authors suggested that PGF, originating from the 
largest postovulatory follicle, may play a physiological role in control- 
ling uterine contractions and oviposition. Subsequent experiments by 
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other investigators (Hammond et al., 1980), however, observed a 20-fold 
increase in PGF concentration in the largest preovulatory follicle at the 
time of oviposition, but not in the two largest postovulatory follicles. 
Similarly, Shimada et al. (1984), who measured the levels of PGF and 
several other prostaglandins in the peripheral plasma, as well as in 
follicular venous effluent and uterine tissue, found a 150-fold increase 
in PGF and PGFM in plasma samples collected directly from the largest 
preovulatory follicle, corresponding to maximal uterine contractions 
preceding ovulatiodoviposition. Interestingly, steroid hormone levels 
(estrogen andprogesterone) were also much higher in F, plasma, reflect- 
ing, probably, the preovulatory rise in gonadotropin levels. These obser- 
vations were extended by Canadian investigators (Etches et al., 1990) 
who reported that F, follicles in vitro and granulosa cells isolated from 
such follicles released significantly more PGF,, into the incubation 
medium than smaller, less mature follicles. Interestingly, when granulosa 
cells collected 6 h before expected spontaneous oviposition were stimu- 
lated, first with LH and then with A23 187, PGF,, release was increased 
by 15-20-fold. It would appear, therefore, that LH may regulate not only 
ovarian steroidogenesis, but may also activate COX- 1 and/or induce 
COX-2 in granulosa cells. How ovarian prostaglandins are transferred 
to the oviduct remains uncertain. 

Uterine Sources 

The original observations by Hertelendy (1 972), demonstrating that 
arachidonic acid can induce oviposition that can be blocked by inhibitors 
of prostaglandin synthesis, indicated that uterine tissues can produce 
prostaglandins locally. This notion was confirmed in a series of bio- 
chemical studies using uterine tissue preparations (Asboth et al., 1983, 
1985; Toth et al., 1983). Asboth et al. (1 983) evaluated prostaglandin 
production in a microsomal fraction (90,000 x g pellet of a 600 x g 
supernatant) prepared separately from the muscular (“myometriurn”) 
and glandular (“endometrium”) portion of the hen uterus. Unlike tissue 
fragments, which were found to metabolize AA in the absence of added 
cofactor, none of the microsomal preparations were able to produce 
prostanoids. However, when epinephrine or tryptophan were included in 
the reaction mixture, the conversion of AA to TxB,, PGE, and PGF,, 
was markedly enhanced. Of particular interest was the presence of TxB, 
as the major metabolite of AA, that could not be attributed to contami- 
nation with thrombocytes. Moreover, addition of reduced glutathione 
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Figure 6. Effect of cofactors and cytosol on prostanoid synthesis from radioactive 
arachidonic acid in uterine (A) and vaginal (B) membrane preparations. Numbers 
on top of bars give percentage distribution of radioactivity. Numbers in bold type 
in upper part of figure show total prostanoid synthesis in pmol/mg/protein/h. 6K, 
6-Keto-PGF,,; F, PGF,,; E, PGE,; T, TxB,; D, PGD,; X,,,,,, unidentified products. 
(Reprinted with permission from Asboth, G., et al. (1985). Am. J. Physiol. 248, 
E80-E88 .) 

(GSH) inhibited TxB, formation, while enhancing the synthesis of PGE,. 
This inhibition by GSH and some other reducing agents did not appear 
to be related to a decrease in oxygen concentration in the medium, since 
reducing agents that do not auto-oxidize readily (mercaptoethanol, 
dithiothreitol) were found by these investigators to be even stronger 
inhibitors than sodium dithionate, which can react with oxygen directly. 
It was postulated, therefore, that the site of inhibition was at the cyclo- 
oxygenase step. 
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When the prostaglandin synthesizing capacity of a crude membrane 
preparation derived from the myometrium and endometrium was com- 
pared, the smooth muscle preparation was found to have a 2.5-fold 
greater capacity to synthesize PGE,, suggesting that the myometrium 
possesses a special ability to amplify its own contractile activity by 
increased production of prostaglandins that may act in a paracrine or 
intracrine fashion (Toth et al., 1983). In a subsequent study, the same 
investigators (Asboth et al., 1985) reported that the vaginal portion of 
the oviduct was metabolically highly active, producing four times more 
prostanoids from t3H]AA than a similar preparation from the shell gland. 
Once again GSH shifted the metabolic pathway from TxB, to PGE, 
(Figure 6). 

In summary, these studies have established that the avian uterudshell 
gland is an active, prostaglandin-synthesizing organ, capable of an 
“aut~catalytic’~ function by producing the bioactive prostanoids locally, 
which may amplify the signal, culminating in coordinated muscular 
contraction and oviposition. 

V. MECHANISM OF ACTIONS OF PROSTAGLANDINS 
A N D  ARClNlNE VASOTOCIN 

A. Interactions In Vivo and In Vitro 

The inhibition of oxytocin-induced oviposition in the Coturnix quail 
by pretreatment with indomethacin or eicosatetraynoic acid, two struc- 
turally diverse blockers of prostaglandin biosynthesis, suggested that the 
uterotonic peptide acts, at least in part, by promoting prostaglandin 
synthesis (Hertelendy, 1973). However, using longitudinal strips of shell 
gland muscle of laying hens, we observed that, whereas indomethacin 
suppressed AA-induced contractility, it did not reduce significantly 
AVT-dependent tension. It did, however, delay the development of 
AVT-induced half-maximal, as well as maximal, tension. It would ap- 
pear, therefore, that prostaglandins are not mediating AVT-and oxytocin- 
promoted uterine activity. Rather, the two agonists, acting in tandem, 
intensify the contractile responses of the uterine smooth muscle. 

Olson and Hertelendy (1983) examined, in some detail, shell gland 
muscle contractility in vitro, by comparing the effects of PGF,, and AVT. 
They found that the dose-related tension generated by both of these 
agonists was significantly suppressed by calcium channel blockers and 
completely abrogated by omission of calcium in the tissue bath, com- 
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Figure 7. Effect of Ca2+ channel blockers (verapamil, R33956) and ECTAon shell 
gland contractility in response to increasing doses of AVT or PCF,,. Circles depict 
controls and triangles show test compounds. (Reprinted with permission from 
Olson, D.M., and Hertelendy, F. (1 983). Am. J .  Physiol. 244, C15O-Cl57.) 

bined with the inclusion of the calcium chelator, EGTA (Figure 7). The 
dependence of tension generation on progressively increasing the con- 
centration of Ca2' in the tissue bath was also clearly demonstrated. On 
the other hand, marked differences were observed in the way in which 
varying the extracellular Na' concentrations affected PGF,, and AVT-in- 
duced contractile activity. Whereas PGF,, promoted activity was greatly 
diminished at low Na" concentrations, AVT activity was unaffected 
(Figure 8). Moreover, depolarization with 20 mM KCl potentiated PGF,, 
provoked tension, without it having any influence on AVT-induced 
responses. These and other observations prompted these authors to 
propose a mechanism by which both PGF,, and AVT interact with 
discrete sarcolemmal components, triggering an enhanced influx of 
extracellular Ca2'. PGF,, could affect this process indirectly by altering 
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Figure 8. Effect of extracellular Ca' concentration on PGF,, and AVT-induced 
increases in tension of isolated shell gland strips at increasing concentrations of 
extracellular Ca2+. Number next to symbols denotes "a+] in mmol/L. (Reprinted 
with permission from Olson, D.M., and Hertelendy, F. (1983). Am. J. Physiol. 244, 
C150X157.) 

Na+ permeability, leading to depolarization, which would open voltage- 
gated Ca2' channels, whereas AVT may directly bring about membrane 
depolarization, by increasing the permeability of the sarcolemma to Ca2+. 

B. Signal Transduction 

It is generally accepted that the first step in signal transduction by an 
extracellular agonist is a specific, high affinity association with its 
receptor in the plasma membrane. Using arginine vasopressin (AVP) as 
the isotopically Iabeled ligand, Koike et al. (1988) were able to demon- 
strate a single class of limited number of binding sites in a shell gland 
membrane preparation. AVP and AVT were about equipotent in displac- 
ing [3H]AVP, whereas mesotocin was ineffective. A more detailed inves- 
tigation on prostaglandin binding was carried out by Toth et al. (1979) 
and Asboth et al. (1985). These studies revealed a specific binding of 
PGF,, to a membrane fraction prepared from shell gland muscle of laying 
hens. The uptake of labeled ligand was concentration, time, and tempera- 
ture-dependent. Scatchard analysis of PGF,, binding indicated a single 
class of binding sites with an apparent Kd of 6 x lo-' M and binding 
capacity of about 1 pmol/mg protein. Significantly a good correlation 
was observed between the parameters of [3H]PGF,, binding and contrac- 
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tile responses of uterine strips. Experiments (Toth et al., 1981) using 
differential centrifugation to obtain various fractions from shell gland 
muscle homogenate, demonstrated that PGF,, binding was highest in 
those fractions which were enriched the most in 5'-nucleotidase, Ca2'- 
ATPase, and Mg2'- (Na'+K+) ATPase, enzymes generally used as mark- 
ers for cell membranes. These experiments support the view that specific 
interaction of prostaglandins with discrete receptors in the sarcolemma 
is an integral component of the chain of events leading to enhanced 
uterine contractility. 

Specific binding of PGE, was also demonstrated in membrane prepa- 
rations obtained from both shell gland and vaginal segments of the hen 
oviduct (Figure 9). However, whereas binding characteristics indicated 
the presence of a single class of high affinity (apparent K, about 1 nM), 
low capacity (B,,, about 15 fmol PGE2/mg protein) binding sites in the 
vaginal preparation, the shell gland exhibited two; a high and low affinity 
component (Figure 10). The authors speculated that these differences in 
binding properties relate to the different fimctions of these discrete 
regions of the oviduct. Whereas PGE, and PGF,, are the dominant 
uterotonic prostaglandins in the uterus, PGE, is concerned with promot- 
ing relaxation of the vagina. 

Since prostaglandin and oxytocin bind to receptors possessing the 
typical seven membrane-spanning domains, ligand-receptor-generated 
signals are transduced by GTP binding proteins. In turn, G-proteins 
regulate the function of various enzymes (e.g., adenylyl cyclase, phos- 
pholipases), as well as ion channels modulating the levels of intracellular 
signaling molecules, such as cyclic AMP, inositol phosphates, Ca2', and 
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Figure 9. Specificity of PGE, binding in uterine (A), and vaginal (8) membrane 
preparation. Curves depict the displacement of [3 HIPGE, by increasing concen- 
trations of unlabeled ligands. (Reprinted with permission from Asboth, G., et al. 
(1 985). Am. J. Physiol. 248, E80- E88.) 
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Figure 70. Specific binding of PGE, to vaginal (A), and uterine (B) preparations. 
Insets show Scatchard plots constructed from binding data. (Reprinted with per- 
mission from Asboth, G., et al. (1985). Am. J .  Physiol. 248, E80-E88.) 

so on. Using primary cultures of shell gland smooth muscle cells, Mohar 
and Hertelendy (1990) investigated PGF,, and AVT signaling. Because 
of the central role attributed to intracellular Ca2' concentrations 
([Ca2+] i), these studies were directed to examine the mechanisms by 
which these natural agonists modulate calcium fluxes. 

When permeabilized cells were loaded with 45Ca2' to isotopic equi- 
librium in the presence of ruthenium red, to prevent uptake by mitochon- 
dria, and were then stimulated with PGF,,, AVT, or inositol trisphosphate 
[Ins( 1 ,4,5)P3], the agent responsible for Ca2+ mobilization by agonists 
that activate the phosphoinositide cycle, there was a rapid biphasic efflux 
of 45Ca (Figure 11). The first phase peaked in 60 seconds, whereas the 
second peak was observed at 5 min after the addition of agonists. AVT 
proved to be the most potent, provoking half-maximal 45Ca2+ efflux at 
1.2 x lop9 M versus 9.8 x lo-' M for PGF,, and 7.5 x lo4 M for 
I s (  1,4,5)P, during the rapid phase. However, whereas an inhibitor of 
phospholipase C significantly attenuated AVT-induced 45Ca2+ mobiliza- 
tion from non-mitochondria1 pools, the action of PGF,, (and, of course, 
that of Ins[1,4,5]P3) was not affected. Moreover, in the absence of 
extracellular Ca2+, PGF,, was unable to generate a calcium signal in 



54 HERTELENDY, SHIMADA, TOTH, MOLNAR, and TANAKA 

301 A 

301 c 

0 5 10 15 20 
TIME (min) 

Figure 77. Time course of 45Ca2t efflux. A: PGF,, 300 nM; B: AVT 100 nM; C: 
Ins(l,4,5)P3 3pM. (Reprinted with permission from Molnir, M., and Hertelendy, F. 
(1990). Am. J. Physiol. 259, E872-E880.) 

bra-2 loaded intact cells. By comparison, AVT dose-dependently raised 
intracellular Ca2+ concentration (though less efficiently than in calcium 
containing medium) even when cells were suspended in a Ca2'-free 
medium (Figure 12). 

These experiments suggested a different signaling pathway for PGF,, 
and AVT. The finding that PGF,,, at concentrations which maximally 
raised [Ca2'Ii, was ineffective in promoting the release of inositol phos- 
phate from isotopically labeled phosphoinositides in intact cell cultures, 
while the potency of AVT closely correlated with its efficacy to raise 
[Ca"] i, added hrther support to this notion (Figure 13). Only when 
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Figure 73. Dose response of AVT and PGF,,-stimulated phosphoinositide hy- 
drolysis, as measured by total inositol phosphate production in cultured shell gland 
smooth muscle cells. (Reprinted with permission from Molnir, M., and Hertelendy, 
F. (1 990). Am. 1. Physiol. 259, E872-E880.) 

PGF,, concentration was raised to pharmacological levels (1-1 0 yM) 
was there a measurable increase in inositol phosphate production. Fi- 
nally, the calcium channel blocker, verapimil, had no effect on AVT- 
stimulated inositol phosphate generation, while high concentrations (1 0 
pM) of PGF,,-provoked responses were abolished (Figure 14). 

0 [Ca?],, = 1.5 mM 
E3 [ C z c ] e x  = 0.1 pM 

ES3 [Ca?],, = 1.5 mM 

GI 
0 
0: 140 

& 
0 
V 

G.4 
0 120 

6\" 

+ V e r a p a m i l  ( 50 WM ) 

100 
AVT ( 100 nM ) PGFZa ( 10pM ) 

Figure 74. Effect of extracellular Ca2+ ([Ca,'],) and verapamil on AVT and 
PCF2,-stirnulated inositol phosphate production in D-my~-[~Hlinositol-Iabeled 
smooth muscle cells in monolayer cultures. (Reprinted with permission from 
MolnAr, M., and Hertelendy, F. (1990). Am. J. Physiol. 259, E872-E880.) 
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Taken together, these studies demonstrated that both PGF,, and AVT 
can influence the handling of Ca2+ by smooth muscle cells of the avian 
shell gland in vitro. Moreover, these results also suggest that PGF,, acts 
primarily by promoting influx of extracellular Ca2’, which may in turn 
amplify the signal by activating phospholipase A, and the release of AA 
that has been shown to act by itself as a calcium-mobilizing agent 
(Hertelendy et al., 1992, 1995). AVT, on the other hand, in addition to 
promoting Ca2+ influx through the sarcolemma, activates the phosphoi- 
nositide cycle, generating Ins( 1,4,5)P,, which releases Ca2+ from the 
sarcoplasmic reticulum. A complementary signaling pathway for AVT 
may also be operative in these cells, in view of the recent demonstration 
that oxytocin activates a mitogen-activated protein kinase (MAPK) in 
human myometrial cells (Ohmichi et al., 1995), even though the hnc-  
tional role of the MAPK cascade vis-a-vis smooth muscle contraction 
remains obscure. Nor is there any information available on the interven- 
ing steps in the signal transduction pathway between G-protein-coupled 
receptor activation and MAPK activation in uterine smooth muscle cells. 
Clearly, this may become one of the exciting new areas of investigation, 
aimed at understanding the intricacies of the signaling pathways initiated 
by oxytocic peptides, prostaglandins, and other hormonal substances 
affecting myometrial function, both in avian and mammalian species. 
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ABSTRACT 

The endocrine regulation of pregnancy and the timing of labor onset 
differs markedly between species. Non-human primates are the closest 
experimental animals to humans and, therefore, studies of these species 
are of great value in bridging gaps in knowledge created by this diver- 
gence. The principal advantage of non-human primates for the study of 
pregnancy is the ability to perform maternal and fetal repetitive sampling 
protocols. Studies with chronically catheterized fetal rhesus monkeys 
have shown that labor begins at normal term following the death of the 
fetus, although the spread of delivery times around normal term is in- 
creased. These observations indicate that the fetus does not influence mean 
gestational length, but has a permissive role in the fine-tuning of the timing 
of labor onset. There is no decline in maternal progesterone concentration 
prior to labor onset in primates, a finding which is in marked contrast to 
other species. Since there is no fall in the sensitivity of the intrauterine 
tissues to progesterone, primate intrauterine tissues may be sufficiently 
refractory to progesterone to allow the initiation of labor in the presence 
of high gestational progesterone concentrations. There is a marginal 
increase in the concentration of estrogens as term approaches such that 
the ratio of estrogens to progesterone rises slightly. This rise may be 
responsible for the increase in gap junctions and oxytocin receptors that 
is observed prior to labor onset. Non-human primate studies have provided 
convincing evidence supporting a role for prostaglandins as the primary 
stimulatory factor in the initiation of labor. Longitudinal studies in the 
rhesus monkey have demonstrated that there is a steady rise in pro- 
staglandin concentrations in the amniotic fluid before the onset of labor. 
These observations suggest that rising prostaglandin concentrations in the 
intrauterine tissues and amniotic fluid ultimately lead to the initiation of 
labor. Increasing intrauterine prostaglandin synthesis may be exclusively 
responsible for initiation of labor following the death of the fetus. In- 
creased maternal oxytocin secretion most likely has a role in the stimula- 
tion of decidual prostaglandin synthesis at the time of spontaneous labor 
onset, whereas an increase in cytokine levels within the uterine compart- 
ment may be responsible for the stimulation of prostaglandin production 
following intrauterine infection. Pregnant rhesus monkeys exhibit epi- 
sodes of markedly increased uterine activity at night which are driven by 
elevated oxytocin concentrations in the maternal plasma. The magnitude 
of the nocturnal rise in oxytocin concentrations increases as term ap- 
proaches and leads to greater levels of nocturnal uterine activity. The 
development of nocturnal uterine activity episodes requires the presence 
of a suitably stimulated level of myometrial oxytocin receptors. This 
stimulation, in turn, is generated by the increasingly estrogenic environ- 
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ment produced by the fetus near term and may represent the contribution 
of the fetus to the timing of labof onset. The heightened level of nocturnal 
oxytocin secretion in the presence of elevated oxytocin receptor concen- 
trations leads to a further increase in nocturnal uterine activity episodes 
near term. Once adequate levels of prostaglandins are attained within the 
intrauterine tissues, oxytocin-driven nocturnal uterine activity progresses 
to labor and delivery in non-human primate species. 

1. INTRODUCTION 

The regulation of pregnancy and the mechanisms involved in the initia- 
tion of parturition show numerous differences between species. Non-hu- 
man primates are the closest experimental animals to humans. Therefore, 
studies of the mechanisms of the initiation of labor in non-human primate 
species are of great valuefor bridging the gaps in our knowledge that are 
created by this divergence. Important differences in the regulations of 
pregnancy between humans and non-human primates as well as within 
non-human primate species do exist and should not be overlooked when 
interpreting experimental results. 

The major disadvantage of working with non-human primates is their 
high cost. In order to overcome this problem, non-human primate studies 
are largely designed to test findings in other species rather than for 
preliminary investigations. Therefore, studies proceed from either of two 
starting points; most obviously, the reinvestigation of findings made in 
lower species in a primate model. Secondly, for the study of clinical 
observation made in human pregnancy and for which ethical considera- 
tion prevents the inclusion of controlled experimental designs. A major 
advantage of the use of non-human primate species is the availability of 
repetitive sampling such that longitudinal studies of pregnancy may be 
performed. Table 1 sets out some of the advantages and disadvantages 
of working with non-human primates. 

Studies of pregnancy and parturition have mainly been confined to a 
few species with the most notable work having been done in rhesus 
monkeys (Macaca mulutta), baboons (Papio papio), and marmosets 
(Callithrix jacchzu). The larger size of the former two species has 
allowed the development of fetal and maternal chronically catheterized 
primate models for use in the determination of the fetal endocrine 
changes during pregnancy. Figure 1 illustrates a typical chronically 
catheterized rhesus monkey preparation. The jacket and tether system 



Table 7. Advantages and Disadvantages of Non-human 
Primates in the Study of Pregnancy and Parturition 

ADVANTAGES 1. Similarities to human pregnancy 
Singleton pregnancy 
Similar endocrinology 
Similar placentation 
Large size 

Longitudinal sampling possible 
Fetal and maternal sampling 

Dedicated facilities required 

2. Experimental 

DISADVANTAGES High cost 

Figure 1. Diagrammatic representation of a typical fetal and maternal chronically 
catheterized rhesus monkey preparation. The jacket and tether system allow for 
fetal and maternal blood as well as amniotic fluid sampling while the animal is 
conscious and unrestrained. 
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allows for fetal and maternal blood as well as amniotic fluid sampling 
while the animal is conscious and unrestrained. 

II. FETAL ROLE IN THE REGULATION OF THE TIMING 
OF LABOR ONSET 

There are major differences in the mechanisms that appear to be respon- 
sible for triggering the onset of labor between mammalian species 
(Liggins and Thorburn, 1994). Many of these differences reflect vari- 
ations in the contribution of fetal factors to the control of the initiation 
of labor. The available evidence suggests that the primate fetus has no 
more than a permissive role in the control of the mechanisms initiating 
parturition, Neither fetal death in the absence of infection, nor the 
surgical removal of the rhesus monkey fetus influences the mean length 
of gestation (Novy et al., 1977). The spread of delivery times around the 
mean values was increased, however, suggesting that fetal factors have 
a role in fine-tuning the timing of labor onset. 

The continuous infbsion of glucocorticoids does not lead to the 
induction of premature parturition in rhesus monkeys (Novy et al., 1977). 
This finding indicates that the fetal hypothalamo-hypophyseal-adrenal 
axis is not involved in controlling the length of gestation. This is similar 
to human pregnancy in which anencephalic fetuses are delivered at 
normal term. These observations represent a marked difference from the 
mechanisms that operate in lower mammalian species, where maturation 
of the fetal hypothalamo-hypophyseal-adrenal axis leads to an increase 
in glucocorticoid production near term and this initiates processes that 
results in the onset of labor. In primates long-term exposure to exogenous 
glucocorticoids and the consequent suppression of fetal adrenal function 
result in a reduction of adrenal androgen production and a fall in maternal 
estrogen concentrations (see following). The death ofthe fetus also leads 
to a loss of androgens available for estrogen production. This decline in 
estrogen levels is likely to be responsible for the increased spread of 
deliveries around the mean gestational length that is observed following 
fetal death or glucocorticoid infusions in rhesus monkeys. The finding 
that maternal hypophysectomy, which would also suppress estrogen 
levels somewhat, is also associated with parturition at normal term lends 
support to the view that mean gestational length is determined by 
intrauterine rather that maternal endocrine changes (Chez et al., 1970). 

There appear to be multiple levels in the regulation of the timing of 
labor onset in rhesus monkeys. Intrauterine factors control mean gesta- 
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tional length, whereas the precise day of delivery is influenced by fetal 
mechanisms involving the modulation of estrogen precursor production 
(see following). In rhesus monkeys labor and delivery occur exclusively 
at night with labor commencing during the early hours of darkness (Hirst 
et al., 1993a). This observation indicates that the exact hour at which 
labor commences is regulated in this species. Since the timing of labor 
may be slowly altered by changing the 1ight:dark environment, maternal 
factors (discussed in the following section) determine the exact time 
during the day that labor is initiated. Therefore, although the fetus 
contributes to the precision of the timing of delivery, maternal influences 
predominate in the final triggering of the initiation of labor in this 
species. 

I 11. PROGESTERONE 

Progesterone is secreted throughout pregnancy by the placenta and 
corpus luteum in primate species. The contribution of the placenta 
predominates by mid-gestation since removal of the placenta by cesarean 
section leads to a marked fall in progesterone concentrations (Walsh et 
al., 1977). During early pregnancy in rhesus monkeys there is a steady 
rise in progesterone concentrations which reach a plateau by mnid-gesta- 
tion. Concentrations remain at these levels throughout late gestation. 
Although not dramatic, progesterone concentrations increase further 
from five days before term and continue to rise until the delivery (Now 
and Walsh, 1983). This is very similar to the steady or slightly increased 
levels of progesterone that are observed at the time of labor onset in 
women. There is a marked fall in progesterone concentrations following 
delivery of the placenta, however, there is no decline in progesterone 
concentrations prior to the onset of labor in rhesus monkeys. This is in 
marked contrast, however, to the fall in progesterone levels that is 
observed before the onset of labor in lower mammalian species. 

Diurnal rhythms in both fetal and maternal progesterone concentra- 
tions are observed from as early as day 30 of pregnancy in rhesus 
monkeys (term 167 days; Challis et al., 1980). By late gestation maximal 
levels of progesterone are observed at night and show an approximately 
inverse pattern to that of estrogens and cortisol levels. Although the 
reasons for the variation in progesterone levels are unclear, Hess et al. 
(1981) have suggested that the pattern in progesterone levels may be a 
reflection of the cortisol pattern. This is possibly brought about by the 
displacement of progesterone from binding proteins by cortisol. There- 
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fore, the variation in progesterone levels may be secondary to changes 
in cortisol levels and fetal adrenal activity. 

Estrogen concentrations rise near term and are more marked compared 
to that of progesterone. This elevation in estrogen concentrations leads 
to a small increase in the ratio of estrogens to progesterone which may 
result in a lessening of the influence of progesterone. However, this 
change is not of sufficient magnitude to bring about alteration in the 
concentrations of uterine steroid hormone receptors which are predomi- 
nantly regulated by circulating estrogen levels. Wilson et al. (1 99 1) have 
measured diurnal changes in estrogen and progesterone concentrations 
at the time of labor in baboons. These investigators found that estrogen 
levels were maximal in the early evening before progesterone levels had 
started to rise. This pattern of secretion results in a window of relatively 
low progesterone levels in the early evening. These authors proposed 
that this window, possibly mediated by a rise in myometrial oxytocin 
receptors and gap junctions, allows the initiation of labor at this time. 
The formation of gap junctions and oxytocin receptors is susceptible to 
inhibition by progesterone. However, the finding that injections of 
progesterone do not prolong labor in primate species is not consistent 
with this proposal. 

The concentrations of gap junctions and oxytocin receptors (see 
following) rise during late gestation in rhesus monkeys and a rise in the 
ratio of estrogen to progesterone may be involved in this increase 
(Haluska and Now, 1993). However, the inability of high levels of 
progesterone to inhibit labor in rhesus monkeys suggests an adequate 
increase in gap junctions and oxytocin receptors can develop in the 
presence of elevated progesterone concentrations. 

RU486 is a potent 19-norsteroid synthetic progesterone receptor 
antagonist. Administration of RU486 antagonizes progesterone and re- 
sults in the induction of labor at any time during gestation in women as 
well as rhesus monkeys. Haluska et al. (1987) used RU486 to induce 
labor during late pregnancy in rhesus monkeys while monitoring uterine 
activity. These investigators found that although myometrial activity was 
increased and labor eventually resulted from RU486 treatment, the 
myometrial activity displayed a contractile pattern that was markedly 
different to the pattern seen at the onset of normal labor. There was also 
a delay in the increase in amniotic fluid prostaglandin concentrations that 
is seen around the time of normal labor. Furthermore, cervical dilatation 
did not occur following RU486 treatment until uterine activity reached 
very high levels. In addition, gap junction levels in myometrial tissue, 
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obtained after RU486 treatment, were elevated to levels markedly be- 
yond those seen after normal labor. These findings indicated that while 
effective in stimulating uterine activity, withdrawal of progesterone by 
RU486 treatment does not produce the orderly myometrial activity and 
cervical changes seen at normal labor onset. 

The above studies of progesterone withdrawal, using RU486, indicate 
that progesterone does have a suppressive action on the myometrium. 
The finding that progesterone causes hyperpolarization of myometrial 
muscle cells in isolated human myometrial strip preparations supports a 
suppressive role for progesterone (Garfield, 1988). The finding that labor 
will proceed successfully despite gestational plasma progesterone levels 
suggests that the primate uterus may be, to some extent, insensitive to 
the suppressive actions of progesterone. Romero et al. (1988) have 
reported that amniotic fluid estradiol, estriol, and dihydroepiandros- 
terone sulfate (DHEAS) concentrations increase with labor onset in 
women. No change in progesterone levels was observed and the ratio of 
estrogens to progesterone was consequently increased. They suggested 
that a local increase in this ratio in the amniotic fluid may be a factor in 
the initiation of labor. In rhesus monkeys, amniotic estrogen levels also 
increase toward the time of labor onset (Novy and Walsh, 1983). How- 
ever, stimulation of a premature rise in amniotic estrogen levels, with 
ACTH infusions, does not induce preterm labor. In addition, normal 
labor is not induced by insertion of estrogen containing implants into the 
amniotic cavity (Novy and Haluska, 1988). These studies do not support 
a local change in the estrogen to progesterone ratio in the control of the 
onset of labor. 

The possibility that the myometrium becomes insensitive to the sup- 
pressive effects of progesterone or that estrogen sensitivity increases 
prior to the onset of labor has been investigated by examining myometrial 
steroid hormone receptor concentrations in rhesus monkeys. Haluska et 
al. (1990) measured estrogen receptor concentrations in inyometrium 
and found that receptor concentrations did not increase before normal 
labor onset, but were increased by RU486 treatment. These authors 
concluded that, although progesterone did suppress estrogen receptor 
concentrations during pregnancy, an increase in receptor concentrations 
was not necessary for the initiation of labor. These findings, therefore, 
indicate that an increase in these receptors is not a process that contrib- 
utes to initiation of labor. We have also investigated progesterone recep- 
tor concentrations before and after labor onset in rhesus monkeys. We 
found that there was no change in the concentration of progesterone 
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receptors in either decidual or myometrial tissue with labor onset (Hirst 
et al., 1990). There was also no redistribution of receptors between the 
nucleus and cytoplasm in these tissues. These studies indicate that there 
is no lessening of receptors available for progesterone binding at term 
and suggest that there is no loss of decidual or myometrial sensitivity to 
progesterone at the time of labor onset. Together, these findings indicate 
that neither a local decline in progesterone concentration nor a change 
in the sensitivity to progesterone occurs prior to labor and, therefore, 
parturition takes place despite the presence of the suppressive effects of 
progesterone. 

IV. ESTROGENS 

The mechanisms involved in estrogen production differ markedly be- 
tween primates and lower mammalian species. The predominant estro- 
gen during pregnancy also differs within primate species. Estrone is the 
major estrogen in the fetal circulation of the rhesus monkey, whereas 
17P-estradiol predominates in the maternal circulation (Resko et al., 
1975). The fetal rhesus monkey has a functional fetal-placental unit in 
which the fetus contributes precursors for placental estrogen production. 
In lower primates, as in human pregnancy, placental estrogen production 
is at least partially dependent on androgens produced by the fetal adrenal 
gland. The rhesus monkey placenta contains abundant sulfatase activity 
allowing the utilization of DHEAS as well as DHEA (dihydro-epiandro- 
sterone) for aromatization. Fetal androgens destined for estrogen pro- 
duction originate in the fetal zone of the fetal adrenal glands. The fetal 
adrenal cortex of the rhesus monkey shows hnctional specialization 
similar to that seen with the human fetus. The inner fetal zone secretes 
DHEA and DHEAS, whereas the outer zone, which differentiates into 
the adult cortex, is responsible for fetal cortisol production. Both andro- 
gen production by the fetal zone and cortisol secretion are stimulated by 
fetal ACTH (Liggins and Thorburn, 1994). The development of the fetal 
hypothalamo-hypophyseal-adrenal axis with advancing gestation leads 
to increased androgen secretion by the fetal adrenal glands. This, in turn, 
is responsible for the rising levels of estrogens during late gestation and 
toward term. Compared to the human fetus, the fetal rhesus monkey 
contributes a considerably lower proportion of total androgens for estro- 
gen production. The death of the rhesus monkey fetus during late 
gestation leads to a decline in maternal estrogen levels of between 
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25-50% (Novy et al., 1977). The remaining androgens utilized for 
estrogen synthesis are derived from the maternal adrenal glands. 

Multiple blood sampling from chronically catheterized rhesus mon- 
keys has allowed the determination of the diurnal pattern of changes in 
the concentration of estrogens in this species. Maternal estrogen concen- 
trations show a marked diurnal rhythm during late gestation. Maximum 
concentrations are observed around 2400 h (Walsh et al., 1988). This 
diurnal pattern is very similar to the diurnal pattern in DHEA levels 
observed at this time. Fetal cortisol concentrations also show a diurnal 
rhythm, but this rhythm displays an approximately inverse relationship 
to the pattern of estrogen concentrations with minimum concentrations 
observed during the light phase of the photoperiod 070&2100 h (Walsh 
et al., 1988). These findings indicate that the rhythm in estrogen levels 
may result from the diurnal changes in the levels of fetal androgens. 
Furthermore, the pattern in fetal DHEA and DHEAS concentrations may 
be driven by the inhibitory influence of cortisol on fetal ACTH secretion. 
The factors responsible for initiating the diurnal variation in fetal and 
maternal cortisol levels remain to be determined. However, the diurnal 
pattern is shifted by altering the photoperiod suggesting that the maternal 
circadian system may play a central role. 

Novy et al. (1977) have found that, in rhesus monkeys, death of the 
fetus lowers maternal plasma estrogen concentrations, but does not alter 
the mean length of gestation. Similarly, in baboons, removal of the fetus, 
by surgical fetectomy, results in delivery of the placenta at approximately 
normal term despite markedly lower estrogen concentrations. The time 
of delivery, however, showed a large spread around normal term. In 
addition, some rhesus monkeys showed a prolongation of gestation after 
fetal death. In such animals, estradiol infusions rapidly induced labor 
onset (Novy et al., 1977). These findings suggest that, although mean 
gestational length may be determined by other factors, the rise in estro- 
gen concentrations at term may provide the final stimulus for the onset 
of the initiation process. 

In rhesus monkeys estrogen receptors are present throughout gestation 
in the myometrium and decidua, but at very much lower levels than those 
observed during the menstrual cycle (Haluska et al., 1990). The low 
receptor levels most likely result from the long period of suppression by 
the elevated progesterone levels during gestation. There is no increase 
in estrogen receptor levels in either the decidua or myometrium at term. 
This is consistent with the maintenance of suppression by the steady or 
slightly increased progesterone levels around the time of labor onset. The 
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low levels of estrogen receptors at term may explain why estrogens exert 
relatively little influence over the timing of delivery in primate species. 

V. ROLE OF PROSTAGLANDINS 

The role of prostaglandins in the initiation of labor in women has been 
discussed extensively elsewhere and it is only necessary to discuss 
studies involving non-human primates in this chapter. Non-human pri- 
mate studies, however, have produced several important findings that are 
sufficiently noteworthy to warrant inclusion. Furthermore, the ability to 
repetitively obtain amniotic fluid samples from a non-human primate 
during late gestation has allowed the accurate determination of pro- 
staglandin concentrations in the amniotic fluid at term. This has contrib- 
uted supporting evidence for a triggering role for local changes in 
prostaglandin concentrations in the initiation of labor. 

Evidence supporting a causative role for prostaglandins in the initia- 
tion of labor in rhesus monkeys is similar to that for human pregnancy, 
but more conclusive. Prostaglandin E, (PGE,) and prostaglandin F,, 
(PGF,,) administration induce preterm labor in rhesus monkeys, 
whereas, the inhibition of prostaglandin synthesis by indomethacin 
treatment prolongs pregnancy (No? et al., 1974). Mitchell et al. (1986) 
have measured PGF,, and the metabolite of PGF,,, PGFM, in the 
maternal plasma and amniotic fluid of rhesus monkeys. These authors 
did not find changes in the concentration of either prostaglandin in the 
plasma at term. In the amniotic fluid, however, PGF,, and PGFM levels 
increased markedly during the five days preceding labor. Walsh (199 1) 
further investigated amniotic PGF,, concentrations in catheterized 
rhesus monkeys during late gestation. These investigators observed a 
marked prepartum increase in amniotic PGF,, concentrations in some 
animals and small increases in a subgroup of the animals studies. The 
animals that showed a substantial increase in PGF,, preceding labor 
onset also developed strong nocturnal uterine activity episodes on the 
nights preceding labor. Since PGE, levels were not measured in these 
studies, it is possible that those animals that showeda lesser rise in PGF,, 
levels developed higher levels of PGE,. This may have led to more rapid 
cervical dilation so that labor and delivery was possible with a smaller 
increase in PGF,, levels. Haluska et al. (1987) in a previous study with 
rhesus monkeys, reported that mean amniotic fluid PGF,,, PGFM, and 
PGEM (the major metabolite of PGE,) concentrations increased signifi- 
cantly before the onset of labor. These authors showed that PGEM 
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concentrations rose to the greatest extent. They also reported that there 
was an increase in all these prostaglandins during late gestation imme- 
diately prior to the rise in uterine activity that followed RU486 treatment. 
These findings suggest that the rise in uterine activity induced by RU486 
was driven by increased prostaglandin production by the intrauterine 
tissues. Furthermore, these findings suggest that an increase in intrauter- 
ine prostaglandin production is a primary event in the initiation of uterine 
activity and the onset of normal labor in rhesus monkeys. 

In addition to prostaglandins, Haluska et al. (1990) and Walsh (1991) 
found, in two separate studies with catheterized rhesus monkeys, that 
amniotic fluid concentrations of the lipoxygenase products LTB,, LTC,, 
and 5-HETE (leukotrienes B,, C,, and 5-hydroxy-eicosatetraenoic acid, 
respectively) were elevated prior to the onset of labor. Although LTC, 
has little oxytocic activity, LTC, and 5-HETE are potent stimulators of 
human myometrial strips. These findings suggest that these lipoxygenase 
products may contribute to the initiation of labor-associated uterine 
activity in rhesus monkeys. 

The elevated levels of prostaglandins in the amniotic fluid prior to 
labor onset suggest that the production of prostaglandins by pro- 
staglandin synthase enzymes is induced during the process of labor 
initiation in intrauterine tissues. The finding that the injection of arachi- 
donic acid into the amniotic fluid does not initiate labor in rhesus 
monkeys, but that amniotic injections of PGF,, induces preterm labor 
onset suggests that precursor availability is not a limiting factor in 
prostaglandin production at term (Robinson et al., 1978). Together, these 
observations suggest that the activity of prostaglandin synthase is the 
limiting step in the production of prostaglandin at term in rhesus mon- 
keys and the factor(s) that regulate enzyme activity are pivotal to the 
initiation of labor. 

The factors that regulate prostaglandin synthase activity at the onset 
of normal labor have not been investigated in non-human primates. 
However, studies with non-human primate species have contributed 
greatly to our understanding of the mechanisms by which intrauterine 
infection causes preterm labor. These mechanisms may involve the 
induction of prostaglandin synthase enzymes. Gravett et al. (1994) have 
recently described the sequence of events following bacterial invasion 
of the chorio-amnion and the amniotic cavity in a rhesus monkey model. 
First, these authors showed that the cervical-vaginal flora in healthy 
rhesus monkeys was similar to that observed during human pregnancy. 
Importantly, the potentially pathological bacteria implicated in human 
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intra-amniotic infection were also isolated from rhesus monkeys. These 
investigators then studied inyection by introducing bacteria into the 
amniotic fluid of chronically catheterized animals. In these studies group 
B streptococci were inoculated into the amniotic fluid and uterine 
activity was monitored. Following bacterial growth, there was a marked 
increase in uterine activity and a rise in amniotic fluid PGF,, and PGE,. 
The rise in prostaglandin levels preceded labor onset which occurred 
within three days of treatment in all animals. Gravett et al. (1 994) also 
showed that amniotic fluid concentrations of the inflammatory cytokines 
interleukin- 1 p (IL-1 p), interleukin-6 (IL-6), and tumor necrosis factor-a 
(TNF-a) were elevated following infection and before the onset of labor. 
These authors found that an increase in these cytokines in response to 
infection was required to initiate preterm labor. The presence of bacteria 
alone was not sufficient to increase prostaglandin levels in the amniotic 
fluid or to induce preterm labor. The finding that amniotic fluid concen- 
trations of PGE, was elevated to a greater extent than PGF,, following 
amniotic fluid infection is consistent with preferential production of 
PGE, by amnion cells. In human pregnancy PGF,, is produced mainly 
by the decidua. This suggests that ascending infection which reaches the 
chorio-decidua may stimulate preterm labor by increasing PGF,, pro- 
duction and uterine activity. If infection reaches the amniotic fluid, the 
resultant increase in PGE, may lead to delivery primarily as a result of 
loss of cervical competence. 

Using the rhesus monkey model, Gravett et al. (1 994) have determined 
the role of cytokine release in the initiation of labor in response to 
infection. These investigators found that graded infusions of IL- 1 p into 
the amniotic fluid led to a dose-dependent increase in PGF,, and PGE, 
production. Furthermore, the pattern of the increase closely resembled 
that observed following the introduction of bacteria into the amniotic 
fluid. The rise in prostaglandin levels was followed by an increase in 
uterine activity. After cessation of the infusions prostaglandin concen- 
trations returned to basal levels and uterine activity subsided. These 
findings suggest that infection induced preterm labor involves the or- 
dered release of cytokines, with IL- 1 p being produced after the onset of 
the inflammatory response. IL- 1 p stimulates prostaglandin synthesis by 
the intrauterine tissues, followed by the induction of uterine activity and 
cervical softening. The use of a non-human primate model for these 
studies has resulted in the stepwise order of events in the induction of 
preterm labor in the presence of infection to be determined. The eluci- 
dation of these steps will be useful for the early detection of infection- 
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induced preterm labor as well as providing a point where preventative 
treatments may be initiated. 

VI. RELAXIN 

Relaxin has been detected in the plasma of rhesus monkeys from early 
pregnancy onward (Weiss et al., 1981). Concentrations of relaxin are 
maintained at levels similar to those observed during early pregnancy 
throughout gestation. Relaxin depresses oxytocin-induced contractions 
by isolated human myometrium. There is no decline in relaxin levels 
prior to labor onset in rhesus monkeys; therefore, it is unlikely that a fall 
in circulating relaxin concentration has a role in increasing myometrial 
activity at term (Weiss et al., 1981). Infusions of human relaxin do not 
inhibit uterine activity episodes in rhesus monkeys. This may be because 
the concentrations of this highly labile peptide were not sufficient or 
because of a lack of affinity of human relaxin for the rhesus monkey 
relaxin receptor (Dr. G. J. Haluska, personal communication). Although 
these possibilities have not been investigated, the overall findings do not 
lend support for a role for circulating relaxin in the regulation of 
myornetrial activity during late gestation. Relaxin is produced primarily 
by the corpus luteum during pregnancy and this site of production is 
responsible for circulating relaxin. Relaxin has been detected in intrau- 
terine tissues suggesting local synthesis, as has been reported for human 
intrauterine tissues. The possibility of a role for this relaxin in the control 
of uterine activity and cervical dilatation at term has not been investi- 
gated in non-human primates. 

VII. OXYTOCIN AND UTERINE ACTIVITY DURING 
LATE PREGNANCY 

Despite numerous studies, an endocrine role for oxytocin in the initiation 
of labor is controversial. The most compelling evidence supporting a role 
for oxytocin in labor initiation is the observation that exogenous oxyto- 
cin, administered near term, induces uterine activity indistinguishable 
from that observed with spontaneous labor onset. The finding that 
various agents that inhibit oxytocin secretion reduce the frequency and 
amplitude of uterine contractions also supports a major role for oxytocin 
in labor. The inability, however, to find a consistent rise in maternal 
oxytocin concentrations prior to the time of labor onset in women has 
led to uncertainty over the role of oxytocin in the initiation process. 
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Several studies in non-human primates have led to a better understanding 
of the involvement of oxytocin in primate labor (Hirst et al., 1993a). The 
use of repetitive blood sampling protocols is of critical importance in the 
measurement of oxytocin, since circulating levels of the peptide change 
rapidly. Furthermore, because uterine activity can be monitored continu- 
ously in non-human primates, oxytocin levels may be correlated with 
uterine activity measurements. 

Pregnant rhesus monkeys display 24 h rhythms in uterine activity with 
episodes of increased uterine activity during the hours of darkness 
(Ducsay et al., 1983). These episodes begin in the early evening and are 
of variable magnitude, but maximal uterine activity is usually observed 
around midnight (Hirst et al., 1991). We investigated the role of oxytocin 
in the generation of these episodes of uterine activity. In our laboratory 
pregnant rhesus monkeys were catheterized between 12 1-1 30 days of 
gestation to allow oxytocin measurement and intra-amniotic fluid pres- 
sure recording. Figure 2a shows an intrauterine pressure recording of a 
typical nocturnal uterine activity episode. We found that infusion of an 
oxytocin antagonist (OW 22 164, Atosiban) during uterine activity epi- 
sodes resulted in the inhibition of further activity (Hirst et al., 1991). 
Figure 2b shows the effect of the antagonist on an episode of uterine 
activity at 141 days of gestation for comparison with Figure 2a. As shown 
in Figure 2b, the episode of uterine activity developed around the start 
of the dark phase of the photoperiod (2300 h) and increased in strength 
up to 2400 h. During the following 90-minute oxytocin antagonist 
infusion uterine activity was markedly reduced to baseline levels. After 
termination of the infusion, activity increased to levels similar to prein- 
fusion values. 

The occurrence of nocturnal uterine activity varied between animals 
in the 130-160 day range of gestational ages with some animals showing 
nocturnal episodes of uterine activity throughout this period. Alterna- 
tively, some animals showed little nocturnal activity until 1&15 days 
prior to term. All animals, however, showed nocturnal uterine activity as 
term approached. Our results with the oxytocin antagonist indicated that 
these episodes were either driven by rising plasma oxytocin concentra- 
tions or by changing sensitivity to basal levels of oxytocin. To investigate 
these possibilities we measured maternal plasma oxytocin at 3 h intervals 
over 24 h in animals that displayed significantly elevated levels of uterine 
activity at night. Figure 3 shows maternal oxytocin levels and uterine 
activity over the dark phase of the photoperiod. There was a significant 
rise in oxytocin concentrations at night and this rise was correlated with 
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elevated uterine activity. We have also found, using a 15-minute sam- 
pling interval, that the rise in oxytocin levels precedes the onset of uterine 
activity at night (Hirst et al., 1991). These data show that nocturnal 
uterine activity during late gestation is primarily driven by increased 
oxytocin levels in the maternal plasma. 

Nocturnal uterine activity episodes occur more consistently as gesta- 
tion advances with all animals showing increased uterine activity at night 
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Figure 2. (a) Intra-amniotic pressure recording showing an episode of nocturnal 
uterine activity. Uterine activity starts around the beginning of the dark phase, 
reaches maximal levels around 2400 h, and declines in the later hours of the dark 
phase of the photoperiod (0300-0400 h). (b) Intra-amniotic pressure recording 
showing an episode of nocturnal uterine activity and the effect of an oxytocin 
antagonist (ORF 221 64, Atosiban) infusion. Uterine activity increased around the 
beginning of the dark phase of the photoperiod (2300 h) and the oxytocin 
antagonist infusion was started 60 minutes after the start of the dark phase when 
uterine activity was established. Both the frequency and amplitude of contractions 
were reduced during the 90 minute antagonist infusion. (Modified from Hirstet al., 
1993a, with permission.) (Continued.) 
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Figure 2. Continued 

near term. In addition, the magnitude and duration of the nocturnal 
activity increases as term approaches and this activity is most pro- 
nounced on the nights immediately preceding spontaneous labor onset 
(Haluska et al., 1987). We have investigated the role of oxytocin in the 
rise in nocturnal uterine activity levels during late pregnancy by concur- 
rently measuring oxytocin concentrations and uterine activity at weekly 
intervals during late gestation (Hirst et al., 1993b). We found that there 
was a significant increase in nocturnal oxytocin levels with advancing 
gestation and this increase was correlated with the increasing levels of 
nocturnal uterine activity as term approached. Our findings suggest that 
the increase in nocturnal uterine activity as term approaches results from 
rising levels of oxytocin in the maternal plasma and this rise begins many 
days prior to delivery. Interestingly, despite the rise in nocturnal oxytocin 
levels, there was no change in levels measured during the day. Therefore, 
studies which do not incorporate nighttime sampling would not detect 
an upward progression in oxytocin levels toward term. Nighttime deliv- 
ery is typical for rhesus monkeys and our findings suggest that elevated 
oxytocin levels and nocturnal uterine activity ultimately lead to the 
initiation of labor at night in this species. 
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figure 3. Uterine activity and oxytocin concentrations in the maternal and fetal 
plasma measured during the night (n  = 4). Oxytocin concentration was signifi- 
cantly elevated in the maternal plasma during the hours of darkness (2100-0100 
h, p < 0.05). The animals were maintained on a photoperiod with the dark phase 
between the dark phase 2300-0700 h. There was also no increase in oxytocin 
concentrations at any time in the fetal plasma. Vertical bars indicate the S.E. 
(Reproduced from Hirst et al., 1993b, with permission.) 

VIII. OXYTOCIN CONCENTRATIONS AT TERM AND 
DURING LABOR 

The role of oxytocin in the process of initiation of labor in women is 
unclear. However, considerable evidence has accumulated supporting a 
role for oxytocin in facilitating the expulsion of the fetus (see Hirst et 
al., 1993a for review). We have measured oxytocin levels on the night 
of delivery in rhesus monkeys. All monitoring and sampling were 
performed without disturbing the animals so that any possible effects of 
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stress would be negated and all animals delivered during the night. Figure 
4 shows oxytocin concentrations'during the hours leading up to delivery 
of the fetus (time 0). Oxytocin levels were basal between 12 h and 5 h 
before delivery, but rose significantly 3 h before delivery. Both oxytocin 
and uterine activity increased further as labor progressed and were 
significantly correlated. The pattern of uterine activity and oxytocin 
levels between 3 h and 1 h before delivery were very similar to those 
seen during a nocturnal uterine activity episode near term. The results 
suggest that cervical changes may be the critical factor in the progression 
from a large nocturnal uterine activity episode to labor. As shown in 
Figure 4, oxytocin concentrations increase further during delivery (-30 
minutes to 0). The very high concentrations of oxytocin attained during 
expulsion of the fetus may result from the additive effect of nocturnal 
oxytocin secretion and stimulation to further oxytocin secretion by the 
Ferguson reflex. 

Studies in women have shown that oxytocin levels vary greatly during 
late pregnancy, with peaks of elevated concentrations on a background 
of much lower levels. This is consistent with pulsatile release from the 
neurohypophysis (Fuchs et al., 1991). The pulsatility in oxytocin con- 
centrations appears to be much greater in women compared to the 
relatively steady levels we have observed in rhesus monkeys. The 
differences may result from more rapid degradation of oxytocin in 
women leading to large falls in concentrations between secretory pulses. 
This pulsatility may also account for some of the difficulties in measuring 
oxytocin levels consistently in human pregnancy. 

The fetal neurohypophysis contains appreciable amounts of oxytocin 
during late gestation. Chard et al. (1971) have reported that human 
umbilical cord blood contains high levels of oxytocin and that this may 
contribute to maternal oxytocin levels as well as uterine activity at labor 
in women. Maternal oxytocin levels were lower compared to fetal levels 
suggesting that a suitable concentration gradient for transfer was present. 
However, the degradation of oxytocin by the abundant cystine aminopep- 
tidase in the placenta would likely limit the passage of intact oxytocin. 
To investigate the possibility of fetal oxytocin contributing to maternal 
concentrations at term, we concurrently measured fetal and maternal 
oxytocin concentrations in rhesus monkeys during late gestation. As 
shown in Figure 3, in contrast to maternal plasma, we found there was 
no 24 h rhythm in fetal levels (Hirst et al., 1993b). The absence of a rise 
in fetal concentrations at night when maternal levels are elevated sug- 
gests that the fetus does not contribute to uterine activity or maternal 
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Figure 4. Uterine activity and maternal plasma oxytocin concentrations measured 
in the hours before delivery in six animals that delivered during the hours of 
darkness. Oxytocin concentrations and uterine activity were significantly elevated 
in the 1-3 hours before delivery compared to 4-1 2 hours before delivery. Uterine 
activity was also correlated with oxytocin concentrations ( r  = 0.73, p < 0.03). 
Vertical bars indicate the S.E. (Reproduced from Hirst et al., 199313, with permis- 
sion.) 

concentrations at this time. Fetal oxytocin levels were basal throughout 
our studies. We also simultaneously measured fetal and maternal oxyto- 
cin levels at term in two monkeys and during labor in one monkey. 
Although maternal oxytocin levels were markedly elevated at night as 
well at 3 h and 1 h prior to delivery, fetal levels were either basal or 
undetectable at all times examined. These findings indicate that the fetus 
does not contribute to the elevated maternal oxytocin levels at labor in 
rhesus monkeys. 

We have used graded fetal oxytocin infusions to further investigate if 
fetal oxytocin reaches the maternal circulation during pregnancy (Hirst 
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et al., 1993b). Oxytocin was infused into the fetal jugular vein and fetal 
as well as maternal plasma oxytocin levels were measured. As expected 
there was a very large increase in fetal oxytocin concentrations during 
the infusions. There was, however, no increase in maternal oxytocin 
levels even though very large doses of oxytocin were infused and very 
high fetal oxytocin concentrations were reached. There were also no 
changes in uterine activity during the infusion or for at least 6 h after the 
infusions were discontinued. These results support our contention that, 
in a stable chronically catheterized animal, oxytocin does not cross the 
primate placenta. Our results, however, do not exclude the possibility 
that oxytocin escapes the fetal circulation during delivery of the fetus 
and may influence uterine activity at this time. Dawood et al. (1979) have 
reported that a bolus injection of oxytocin in fetal baboons leads to a rise 
in maternal oxytocin concentrations. These studies were performed at 
cesarean section, thus leaving open the possibility that the results were 
influenced by changes in the maternal-fetal vascular relationship at 
delivery. 

IX. OXYTOCIN SENSITIVITY CHANGES DURING 
PREGNANCY 

The sensitivity of the myometrium to oxytocin is maximal near term in 
all species studied so far (Fuchs et al., 1991). In women the sensitivity 
of the myometrium to oxytocin is significantly elevated by mid-preg- 
nancy compared to the early pregnant and non- pregnant myometrium. 
We have found oxytocin sensitivity also increased progressively over the 
five nights preceding delivery in rhesus monkeys. As described above, 
we also found that nocturnal plasma oxytocin concentration rose with 
advancing gestation (Hirst et al., 1993b). There was no further increase 
in the magnitude of the nocturnal rise over the two nights before labor 
onset, although uterine activity did increase. These observations indicate 
that oxytocin sensitivity increases during this period and suggest that 
increasing oxytocin sensitivity as well as rising plasma levels contribute 
to the initiation of labor at night in rhesus monkeys (Hirst et al., 1993b). 

Myometrial oxytocin receptors are of high oxytocin binding affinity 
with an equilibrium dissociation constant (Kd) of 1-3 nM and similar 
values have been observed in other tissues (Fuchs et al., 1982). As with 
sensitivity, myometrial oxytocin receptor concentrations are much 
higher in late pregnancy than in the non-pregnant myometrium. In 
women, at term, receptor concentrations are 100-fold greater than in non- 
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pregnancy (Fuchs et al., 1982). These receptor concentration changes are 
consistent with the observed heightened levels of oxytocin sensitivity 
and support the view that the concentrations of circulating oxytocin need 
only rise by a small extent to elicit uterine contractions at term. These 
receptor changes are, therefore, also responsible for the low doses of 
exogenous oxytocin required to initiate contractions at term. We have 
found that oxytocin receptor concentrations rise, in parallel with oxyto- 
cin sensitivity, at the time of labor in rhesus monkeys (Hirst et al., 1991). 
These observations indicate that labor at night in rhesus monkeys may 
result from the combined effect of elevated nocturnal plasma oxytocin 
concentrations and increased oxytocin receptor levels. 

The factors that regulate oxytocin receptor levels in primates remain 
unclear. Studies in rats, however, suggest the steroid hormone environ- 
ment has a critical role. Oxytocin receptor concentrations in the rat show 
a pattern of changes during gestation that is similar to that observed in 
women, with receptor levels rising during late gestation followed by a 
sharp increase at term (Fuchs et al., 1983). Parturition in rats is preceded 
by a rise in estrogen levels and a fall in progesterone concentrations and 
these changes are correlated with rising receptor levels. Fuchs et al. 
(1983) have shown by treating rats with steroids that estrogen treatment 
up-regulates oxytocin receptors, whereas progesterone blocks this effect 
by estrogens. Estrogen treatment in women during late pregnancy does 
increase oxytocin sensitivity suggesting that estrogens stimulate oxyto- 
cin receptor concentrations and are, at least in part, responsible for the 
increase in receptor levels in late pregnancy (Pinto et al., 1964). Novy et 
al. (1977) have reported that the fall in maternal estradiol concentrations 
following fetal death results in the suppression of nocturnal uterine 
activity episodes in rhesus monkeys. These investigators also showed 
that the episodes were reestablished by estradiol infusions and suggested 
that the fall in estradiol concentration was responsible for the inhibition 
of nocturnal uterine activity. These results suggest that a critical level of 
estrogens is required to maintain oxytocin receptor concentrations so that 
the nocturnal rise in oxytocin concentrations can initiate uterine activity. 
These findings further indicate that the permissive role of estrogens in 
the initiation of labor in rhesus monkeys likely involves the maintenance 
of oxytocin receptor concentrations. 

The role of progesterone in the regulation of receptor levels is unclear. 
Since progesterone levels do not fall prior to labor in women, oxytocin 
receptors in primates may be insensitive to down-regulation by proges- 
terone. This possibility would best be addressed by antagonist studies in 
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a non-human primate model, but to our knowledge these studies have 
not yet been performed. 

X. OXYTOCI N-PROSTAGLANDI N INTERACTION 

Numerous in vivo and in vitro studies suggest that an interaction between 
prostaglandins and oxytocin is necessary for the initiation and mainte- 
nance of spontaneous labor in women. Few studies have been performed 
with non-human primates. Human tissue studies have found that pro- 
staglandin secretion, particularly PGF,, by decidual cells is markedly 
stimulated by oxytocin (Fuchs et al., 1981). This and other data indicate 
that the decidua produces large amounts of prostaglandins in response 
to oxytocin stimulation. Husslein et al. (198 1) have also presented 
convincing evidence supporting the necessity of an appropriate interac- 
tion for normal labor. These investigators found that induction or labor 
with oxytocin was only successful when the infusions were accompanied 
by a suitable response in uterine prostaglandin production. No similar 
studies have been performed with non-human primates. 

Despite the likely role of oxytocin in stimulating prostaglandin secre- 
tion at the time of labor, some cases of preterm labor in women are not 
inhibited by oxytocin antagonist treatment (Akerlund et al., 1987). 
Furthermore, we have observed that uterine activity may increase fol- 
lowing uterine surgery for catheter implantation in rhesus monkeys 
(personal observations). This type of uterine activity does not involve an 
increase in plasma oxytocin concentrations and is not inhibited by 
oxytocin antagonist treatment. In some of these animals prostaglandin 
levels may have become elevated under the influence of oxytocin stimu- 
lation before antagonist treatment was started. Alternatively, this type of 
uterine activity, and ultimately preterm labor, may be initiated in the 
absence of stimulation by oxytocin. Other factors, such as cytokine 
release in response to inflammation, may be of primary importance in 
the stimulation of prostaglandin production and onset of uterine activity 
after surgery. These observations further suggest that, although the onset 
of normal labor may involve oxytocin and prostaglandins acting together, 
preterm labor may be initiated by prostaglandins acting alone. 

XI. CONCLUSIONS 

The endocrine regulation of pregnancy has been investigated in a small 
number of non-human primate species with the majority of studies 
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having been performed with either rhesus monkeys or baboons. Although 
there are differences between primate species, the salient features of the 
regulation of pregnancy are similar. This means that studies in these 
species are very useful for the investigation of human pregnancy and of 
the mechanisms involved in the initiation of labor. The ability to perform 
controlled experimental protocols with non-human primates has allowed 
observations found with human pregnancy to be tested. Such studies 
have determined that the primate fetus has only a minor influence in the 
control of the timing of labor onset. The use of chronically catheterized 
non-human primate preparations has resulted in the determination of the 
profile of prostaglandin concentrations in the amniotic fluid before and 
during the onset of labor. These studies have provided much supporting 
evidence for the view that the regulation of intrauterine prostaglandin 
production is of paramount importance in the initiation of labor in 
primates. 

Evidence of a role for prostaglandins as the primary stimulatory factor 
in the initiation of labor is convincing in rhesus monkeys. As with human 
pregnancy, the local administration of prostaglandins leads to the induc- 
tion of labor. Longitudinal studies in the rhesus monkey, however, have 
demonstrated that there is a steady rise in prostaglandin concentrations 
in the amniotic fluid before the onset of labor. These findings suggest 
that increasing concentrations of prostaglandins in the amniotic fluid 
ultimately lead to the initiation of labor in rhesus monkeys. Increasing 
intrauterine prostaglandin synthesis is most likely to be exclusively 
responsible for initiation of labor and delivery of the placenta following 
fetectomy or fetal death. Maternal factors may have the major role in the 
stimulation of prostaglandin synthesis. However, the nature of these 
factors remains to be determined. 

Following the death of the primate fetus, the timing of labor and 
delivery shows a wide spread around normal term. This suggests that the 
fetus has a role in fine-tuning the timing of labor onset. Androgen 
secretion by the fetal adrenal glands is necessary for the maintenance of 
normal gestational estrogen concentrations. Increased production of fetal 
androgen leads to the rise in estrogen concentration that is observed prior 
to the onset of labor. Although this increase results in only a small rise 
in the ratio of estrogens to progesterone, this increase appears to be 
sufficient to stimulate an elevation in oxytocin receptor concentrations 
and gap junctions in uterine tissues. 

The role of progesterone in the initiation of labor in primates is 
unclear. The experimental withdrawal of progesterone will initiate labor 
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and delivery, however, uterine activity and cervical changes do not 
progress in the orderly manner'observed at normal labor onset. Studies 
with rhesus monkeys indicate that uterine tissues may be sufficiently 
refractory to progesterone to allow the initiation of labor in the presence 
of gestational levels of progesterone. 

Oxytocin concentrations rise at night during late gestation and reach 
peak levels during the early hours of darkness in rhesus monkeys. The 
magnitude of nocturnal peak oxytocin concentrations increases with 
advancing gestation. Elevated nocturnal oxytocin concentrations result 
in the generation of uterine activity episodes at night which also increase 
in size as term approaches. These episodes ultimately lead to onset of 
labor and delivery at night in rhesus monkeys. The development of 
nocturnal uterine activity episodes requires the presence of a suitable 
level of myometrial oxytocin receptors. This, in turn, is generated by the 
increasingly estrogenic environment produced by the fetus in late gesta- 
tion. The rise in nocturnal oxytocin concentrations and the presence of 
elevated levels of oxytocin receptors allows the maintenance and en- 
hancement of nocturnal uterine activity episodes near term. Once ade- 
quate levels of prostaglandins are attained within the intrauterine tissues, 
oxytocin-driven uterine activity progresses to labor and delivery in 
non-human primate species. 
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ABSTRACT 

Parturition is the process of giving birth. It results from a complex 
interplay of maternal and fetal factors due to the sequential maturation of 
an endocrine organ communication system. In sheep, there is conclusive 
evidence that this sequence begins at the level of the fetal brain where the 
regulatory mechanisms responsible for the changes in fetal adrenal glu- 
cocorticoid secretion are the initial signals for the onset of parturition. 
Increased fetal plasma cortisol levels result in a decrease in progesterone 
but an increase in estrogen in the maternal plasma and intrauterine tissues; 
this causes activation and stimulation of the myometrium, and effects 
labor. In primates, the fetal adrenal plays a different role-toward term it 
is responsible for providing increased estrogen precursors to the placenta; 
this changes the intrauterine estr0gen:progesterone ratio in favor of estro- 
gen, leading to the initiation of parturition. Estrogens stimulate the growth 
and interaction of the muscular proteins actin and myosin, an increase in 
the number, size, and permeability of gap junctions, and enable the 
generation of effective action potentials in the myometrium. Furthermore, 
under estrogen dominance there is an enhanced sensitivity of the 
myometrium to contractile agents and an increased synthesis and release 
of the uterotonins oxytocin and prostaglandins by the intrauterine tissues. 
Loss of inhibition is another mechanism which has been suggested as a 
mechanism for the initiation of contraction. This may take the form of the 
withdrawal of physiological regulators of the biosynthetic pathways of 
the uterotonins. Further to the development of rhythmical, sustained, and 
coordinated myoinetrial contractions, rupture of the fetal membranes, and 
ripening and dilatation of the cervix must occur for the successful delivery 
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of the fetus. A glucocorticoid signal from the fetus may initiate a feed-for- 
ward cascade responsible for promoting all these events. Therefore, as in 
the sheep, the ultimate signals for birth may originate at the level of the 
primate fetal brain, initiating a multitude of fetal and maternal paracrine 
and endocrine processes resulting in the birth of a viable neonate. 

1. INTRODUCTION: WHAT I S  PARTURITION? 

Parturition, the process of giving birth, is a highly orchestrated sequence 
of events resulting in the birth of the baby and the regeneration of normal 
(non-pregnant), cyclical uterine physiology. However, for such a simple 
definition, the process is very complicated and still eludes our complete 
understanding. As an example of its complexity, there are five separate 
physiological events which constitute parturition: fetal membrane rup- 
ture, cervical dilatation, myometrial contractility, placental separation, 
and uterine involution; each of which is an independent physiological 
action. In order for timely, normal birth to occur at term, all five 
physiological events must work in harmony. Because the vast majority 
of work is on one of these physiological events, the regulation of 
myometrial contractility, we will use it as the physiological endpoint in 
the majority of our discussions on the control of human parturition. 

While the myometrium is never quiescent in terms of contractile 
activity, the transition from the contractile state of pregnancy to the 
contractile state of active labor is dramatic in both qualitative and 
quantitative terms. Long-duration, low amplitude contractions isolated 
to regionalized areas of the muscle characterize pregnancy, whereas the 
contractions of active labor are of short duration, high amplitude, and 
develop in a synchronous manner throughout the entire body of muscle. 
The transition of the uterine myometrium from the contractile state of 
pregnancy to the contractile state of labor, and the factors which lead up 
to this change, is the essence of the control of parturition, as seen in 
Figure 1. We will explore the control of human birth beginning with the 
concept that the fetus is the master of the timing of its own birth. The 
groundwork which has been laid through studies in animals, primarily 
sheep, will be explored briefly and used as a model for understanding 
the similarities and differences observed fromprimate and human studies 
in the translation of fetal neuro-endocrine maturation to control of 
maternal myometrial contractility. 
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Figure 7. The control of parturition i s  determined by the factors responsible for 
the transition of the uterine myometrium from the contractile state of pregnancy to 
the contractile state of labor. 

11. THE FETUS AS MASTER O F  ITS DESTINY 

The concept that the fetus is aware of the proper time to initiate its own 
delivery dates from 460 B.C. The Greek philosopher Hippocrates sug- 
gested that the fetus could sense when the placenta was failing to keep 
up with its nutritional needs and when the time was opportune to exit the 
uterus. Two and one-half millennia later, as a result of experiments with 
sheep, Sir Joseph Barcroft concluded that the fetus monitors its own 
oxygen supply. When oxygen becomes deficient, mechanisms are acti- 
vated to initiate parturition. Both ideas are similar in suggesting that fetal 
awareness of a deficiency of essential substances produces the need to 
be born (Swaab et al., 1976; Thorbwn, 1994). 

These views introduced the theory that the signal for birth originates 
at the level of the fetal brain. This was substantiated in later years by 
observations of disease conditions in pregnant animals. Kennedy and 
Holm's work from 1957 to 1964 established that prolonged pregnancy 
in cattle was associated with the failure of development of the fetal 
pituitary-adrenal axis. Kennedy reported a syndrome of prolonged ges- 
tation in Gurnsey and Jersey cattle. This syndrome was characterized by 
aplasia of the fetal anterior pituitary gland in which the adrenal medulla 
and cortex were distinguishable but small, and the cortical structure was 
undeveloped. Gestation in these animals ranged from 292-526 days, far 
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exceeding the normal gestation length of 280 days. A second syndrome 
was observed in Holstein-Friesian cattle in which the fetuses failed to 
initiate labor and died in utero about 100 days past term. Holm concluded 
these calves suffered from a fetal addisonian syndrome (Kennedy, 197 1 ; 
Holm, 1967). 

A congenital cyclopian-type malformation associated with prolonged 
pregnancy was identified in fetuses of range sheep in Idaho in 1963. This 
teratogenic effect was a consequence of maternal ingestion of skunk 
cabbage (kratrum californicum) on the fourteenth day of gestation. In 
these animals gestation lasted 200-250 days, again longer than the 
normal term of 150 days. The affected lambs had pituitary glands, but 
the neural connections with the hypothalamus were either missing or 
abnormal. 

In 1965 Liggins developed a technique for ablating the pituitary gland 
of fetal sheep. When more than 70% of the pituitary gland was destroyed, 
pregnancy was prolonged. These fetuses had hypoplasia of the adrenal 
gland and retarded somatic development. Similar results were seen when 
the fetal hypothalamus was destroyed or the fetal pituitary stalk sec- 
tioned. Conversely, stimulating the fetal adrenal by infision of adreno- 
corticotropin (ACTH) or direct administration of a glucocorticoid 
hormone into the fetal lamb in utero led to preterm delivery within a 
predictable number of days. The timing of parturition was unaltered by 
maternal hypophysectomy or by the administration of ACTH or synthetic 
glucocorticoids to the mother at similar doses and times in pregnancy. 

In sheep, therefore, it is likely that the initial signal for parturition 
originates in the fetal hypothalamus. In the adult of most species, the 
hypothalamic paraventricular nucleus (PVN) secretes corticotrophin-re- 
leasing hormone (CRH) and arginine vasopressin (AVP) which regulates 
anterior pituitary corticotrope biosynthesis and ACTH release, which 
itself regulates adrenocortical glucocorticoid production. In situ hybridi- 
zation methods demonstrated that messenger RNA (mRNA) for both 
CRH and AVP in the fetal PVN increased significantly between days 105 
and 128 of gestation. Bilateral stereotaxically-placed lesions of the fetal 
ovine hypothalamic PVN prolonged gestation significantly and abol- 
ished the preparturient fetal plasma ACTH and cortisol rise. This method 
also showed that at day 130 the PVN signaled the onset of the expression 
(via ACTH) of fetal adrenal P,,, steroid hydroxylase enzymes necessary 
for de novo cortisol synthesis. It is these signals for the activation of the 
fetal adrenal gland that can be considered the first fundamental step in 
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the initiation of the endocrine cascade of ovine parturition (Challis et al., 
1985). 

A. Developing the Link Between Activation of the Fetal Brain 
and the Maternal Myometrium 

In the sixteenth century the Italian anatomist Fabricius ab Aquapen- 
dente proposed that the chief agent of parturition was the muscular action 
of the uterus. The importance of the link between the maturation of the 
fetal hypothalamic-pituitary-adrenal axis and the initiation of labor can 
now be appreciated, at least in the sheep. Briefly, cortisol from the fetal 
adrenal brings about changes in maternal plasma hormone levels which 
lead to uterine activation and stimulation. Activation of the myometrium 
involves the development of an increased capability to contract (forma- 
tion of gap junctions, an increase in receptors, changes in ion channels) 
and respond to the effectors (oxytocin, prostaglandins [PGs]) which 
stimulate the high frequency, high amplitude, and short duration contrac- 
tions of labor. In the sheep, parturition is preceded by a large decrease in 
progesterone and a sharp rise in estrogens in the maternal blood. These 
steroids are synthesized by the placenta throughout the majority of 
gestation. Mean fetal plasma cortisol levels are highest during the final 
2-3 days of intrauterine life. At these levels cortisol induces placental 
17a-hydroxylase synthesis which converts progesterone to 1712-hy- 
droxyprogesterone, an estrogen substrate. Therefore, maternal plasma 
progesterone levels decrease 1-2 days before labor onset and estrogen 
levels sharply increase in the 36 hours leading up to labor. This promotes 
uterine activation, increased synthesis of uterotonic contractile agents 
(uterotonins), such as PGF,, and results in myometrial contractions. 
These changes are induced prematurely in those ewes where in vivo 
administration of ACTH or synthetic glucocorticoid (dexamethasone) to 
the fetus results in premature parturition. 

B. The Human and Non-human Primate Evidence for Fetal 
Control of Birth 

Evidence for the role of the fetus in the initiation of parturition in the 
human is more circumspect. In fact, for obvious ethical reasons, much 
of our knowledge concerning the physiology of human parturition is 
often from purely anecdotal sources. Because of this, it is often pertinent 
to refer to studies using animal models. While this is recognized as a 
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necessity, its physiological significance is not always clear; therefore, in 
these discussions it will be kept to a minimum. 

Observations on the Fetal Control of Birth in the Human 

In 1933 an English obstetrician, Malpas, reported a series of cases of 
prolonged pregnancy in humans associated with fetal anencephaly. He 
observed that the front portions of the fetal brain failed to develop and 
concluded the timing of the onset of labor is determined by the fetus. He 
suggested that the fetal adrenal, pituitary, and nervous system, in com- 
bination, trigger the neuro-muscular mechanisms effecting labor (Mal- 
pas, 1933). 

Further observations on the effects of anencephaly on gestational 
length in humans have been carried out. Where a large number of patients 
have been monitored, the mean length of gestation of the anencephalic 
group was not found to be significantly different from that of the control 
population. However, in the anencephalic group there was a much wider 
variation around the mean, the second and third stages of labor were 
significantly longer, and manual extraction of the placenta was more 
frequent. These latter two observations may be due to an influence of 
fetal neurohypophyseal peptides on myometrial contractility and the 
duration of labor that is absent in the anencephalic group. These studies 
suggest the human fetus plays a role different from its ovine counterpart 
in determining the timing of labor onset and its maintenance thereafter. 
These and other studies over the past 25 years have led to the firm 
conclusion that the fetal brain plays a critical role in triggering the onset 
of labor (for a review see Challis and Olson, 1988). 

However, in sharp contrast to the fetal sheep, in vivo research does not 
suggest that primate fetal adrenal cortisol has an analogous role in the 
timing of parturition. In both monkeys and humans, exogenous gluco- 
corticoids fail to induce parturition, except in some patients already 
classified as post-term. The amounts of glucocorticoids given intra-am- 
niotically to such patients are large and their effect is inconsistent. In 
addition, dexamethasone administration results in a decrease of maternal 
estrogen levels. In humans as in the sheep, increasing maternal estrogen 
concentrations are implicated in uterine activation and uterotonin syn- 
thesis. These data suggest fetal cortisol is unlikely to serve as the 
physiological trigger to parturition in humans (Casey et al., 1985). 
However, closer analysis of more recent research may yet reveal an 
essential role for fetal glucocorticoids in these processes. 
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The Human Fetal Adrenal Gland 

It is established that the human fetal adrenal is involved in pai-turition 
through the synthesis and secretion of steroids such as the C,, estrogen 
precursors, dehydroepiandrosterone (DHEA), and its sulfated form, 
DHEAS. The placenta is the major site of steroid production after the 
sixth to ninth week of human pregnancy. The primate placenta cannot 
synthesize estrogens de novo from acetate as it lacks the 17a-hydroxy- 
laseK17-20 lyase enzymatic system responsible for this. However, it is 
capable of converting C,, steroids into estrogen. In human and nonhuman 
primates maternal plasma concentrations of unconjugated estrogens rise 
progressively with time of gestation reaching peak levels at term. Evi- 
dence suggesting this estrogen production is closely related to the 
secretion of DHEAS from the fetal adrenal gland has been reviewed 
several times (Pepe and Albrecht, 1990a, 1990b). 

The fetal adrenal gland of the human, like that of the fetal rhesus 
monkey, shows functional specialization. There is an outer adult-type 
definitive zone or neocortex and an inner fetal cortical zone which 
comprises between 80 and 90% of the gland during the majority of 
gestation. The fetal zone exhibits a period of rapid growth from day 150 
of gestation. It secretes primarily the C,, steroid precursors of estrogen 
in increasing quantities throughout gestation in accordance with its 
increasing mass. The adult cortex secretes primarily cortisol; maturation 
of the adult cortex occurs very late in gestation and results in an increase 
in fetal plasma cortisol levels. At mid to late gestation fetal adrenal size 
and weight in anencephalic human fetuses are considerably reduced 
when compared with normal. This suggests factors of fetal pituitary 
origin are important to fetal adrenal growth at this time. These include 
ACTH and other proopiomelanocortin-derived peptides (POMC) as well 
as fetal and placental growth factors. Anterior pituitary POMC expres- 
sion is regulated by the synthesis of neuropeptide releasing factors such 
as CRH and AVP. 

In human fetuses CRH- and AVP-like immunoreactivities were found 
to be present in hypothalamic tissue by 12 weeks, and the concentration 
of bioactive CRH rose between 12 and 27 weeks. There is also evidence 
for the production of placental CRH and POMC-derived peptides (Riley 
and Challis, 1991). Studies show amniotic fluid and matemal and fetal 
plasma immunoreactive CRH (IR-CRH) rise steadily from mid-second 
trimester to 35 weeks, after which time they increase rapidly to term (ca. 
40 weeks). These increasing concentrations correlate with increasing 
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IR-CRH levels in placental extracts. However, there are no further 
changes with labor onset. Glucocorticoids increase placental CRH gene 
expression and mRNA levels; CRH enhances PG production by fetal 
membranes, the myometrium, and the placenta and exerts a priming and 
potentiating effect on the myometrial contractile response to the utero- 
tonin, oxytocin. Further, the receptor affinity for CRH in intrauterine 
tissues increases with gestational age. Based on these observations it is 
possible that late in gestation when the human fetal adrenal adult cortex 
has matured and begins to secrete cortisol, the increased glucocorticoid 
concentrations could then act to stimulate placental CRH expression. 
This would initiate an intraplacental positive cascade that stimulates 
prostaglandin production by paracrine/autocrine interactions and modu- 
lates the sensitivity of the myometrium to contractile effectors. Once 
concentrations of CRH in amniotic fluid and maternal and fetal plasma 
increase, they may further drive the pituitary-adrenal axis in the fetus 
and possibly the mother. When this process has been initiated, feedback 
control must be diminished to allow propagation of this set of signals to 
stimulate the onset and maintenance of labor. Alternatively, oxytocin and 
PGs maintain the intraplacental cascade; oxytocin stimulates human 
placental CRH release, and PGs stimulate ACTH and cortisol release 
from the pituitary-adrenal axis of fetal sheep. In this case the timing of 
the maturation of the fetal adrenal adult definitive zone plays a critical 
role in signaling the onset of parturition in primates. The failure of 
exogenous glucocorticoid administration to induce premature labor in 
primates might be due to the fact that treatments were given too early in 
gestation when negative feedback control was still in operation. This 
together with the resultant decrease in estrogen precursors would simply 
serve to prolong gestation. 

Primate Feta I Adrena I-pitu ita r y Maturation 

In addition, the primate fetus has a role in the timing of the maturation 
of its own hypotholamic-pituitary-adrenal axis. During the majority of 
intrauterine life the primate fetus has limited capacity to produce cortisol. 
The fetus obtains this hormone by transplacental transfer from the 
mother. At mid-gestation 100% of fetal serum cortisol is derived from 
the mother while at term less than 50% originates from hormone pro- 
duced by the maternal adrenal gland. The enzyme, 1 1 p-hydroxysteroid 
dehydrogenase, catalyzes the oxidation and reduction of cortisol and 
cortisone, respectively, and is present in the placenta and fetal mem- 
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branes of humans throughout gestation. Placental cortisol metabolism 
changes with advancing gestation 'from reduction at midgestation to 
oxidation near term. The increase in placental cortisol oxidation is 
regulated by estrogen, the production of which increases to term. Corti- 
sone has no biological activity unless it is converted to cortisol. 

Pepe and Albrecht (1 990a, 1990b) have proposed the following model 
for primate fetal pituitary-adrenal maturation. At midgestation cortisol 
is the principal corticosteroid arriving within the fetal circulation; fetal 
pituitary activity and thus ACTH release is suppressed, limiting the 
growth of the adult definitive zone of the fetal adrenal including devel- 
opment of the enzyme systems for producing glucocorticoids. The 
growth of the fetal cortex and consequent DHEAand DHEAS production 
continues under the influence of fetal and placental growth factors. With 
advancing gestation, under the influence of increasing estrogen dictated 
by increasing fetal adrenal C 19 precursors, transplacental metabolism is 
changed, and the oxidation of cortisol to cortisone is increased. Concen- 
trations of maternal cortisol in the fetal circulation drop, resulting in 
increased production and release of ACTH of fetal pituitary origin, 
maturation of the fetal adrenal adult definitive zone and de novo cortisol 
production. 

In this way the primate fetus, initially through secretion of estrogen 
precursors by the adrenal gland and then ACTH and cortisol from the 
pituitary-adrenal axis, has the potential to exert greater control over the 
timing of its own birth than was previously thought. It is noteworthy that 
cortisol also acts to induce systems to bring about maturation of many 
fetal organ systems, especially the lung. Thus cortisol acts as a means of 
coordinating fetal organ maturation with the timing of birth. Further- 
more, fetal lung surfactant in the amniotic fluid can stimulate PG output 
from the amnion and is therefore another way of linking fetal lung 
maturity to a trigger for labor onset. While much of this scheme is still 
speculative and active investigation is continuing in this field, these data, 
nevertheless, support the contention that activation of the fetal hypotha- 
lamic-pituitary-adrenal axis is responsible for the initiation of parturition 
in primates as well as in sheep, as seen in Figure 2. 

C. Evidence that the Fetal Endocrine Message 
Regulates the Timing of Birth 

In the rhesus monkey spontaneous delivery is preceded by rising 
concentrations of DHEAS in fetal blood, but not in maternal blood or 
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Figure 2. Activation of the fetal hypothalmic-pituitary-adrenal axis is responsible 
for the initiation of parturition in primates as well as sheep. In primates fetal adrenal 
DHEAS may play a major role in this process, while in sheep fetal control is implied 
as the trigger for labor. 

amniotic fluid. Furthermore, in vivo data support the concept of rapid 
fetal adrenal maturation before birth, and fetectomy in rhesus monkeys 
and baboons, fetal decapitation, fetal death, or suppression of the fetal 
adrenocortical axis with glucocorticoids in rhesus monkeys causes pe- 
ripheral maternal estrogen levels to fall and a significant increase in 
gestational length. Conversely, an increase in the production of fetal 
adrenal androgens and consequently maternal estrogens similar to that 
seen at spontaneous term labor (184 days) has also been found in 
pregnant baboons at 155-165 days of gestation treated to cause fetal 
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hypoxic stress which would normally result in preterm birth at this time. 
Furthermore, circulating maternal estrogens rise after administration of 
ACTH or DHEAS to the fetus, and administration of androstenedione to 
the rhesus monkey fetus causes a switch in myometrial activity from 
contractures to contractions and an increase in circulating maternal 
estrogen levels. This further suggests that the fetoplacental unit plays an 
important part in the signaling process in preparation for parturition. In 
humans it is also llkely that steroidal precursors for estrogen production 
arise in the fetus as pregnancy with an anencephalic fetus is associated 
with subnormal levels of urinary estrogen, estriol secretion, and fetal 
adrenal hypoplasia; and low estriol secretion is also observed after fetal 
death and after suppression of the fetal adrenocortical axis with synthetic 
glucocorticoid. While DHEAS and androstenedione administered to the 
fetus cause increases in uterine contractile activity, these results cannot 
be replicated with estrogen administration in the non-human primate. 
This may be due to serum binding or metabolism of the estrogen, or it 
may reflect a local, placental effect of estrogen formed from the androgen 
which cannot be replicated by exogenous estrogen administration. Alter- 
natively, androgen may have its own intrinsic effect upon uterine con- 
traction. More investigation must be performed to resolve this 
discrepancy. 

I l l .  THE ROLES OF MATERNAL SEX STEROIDS IN THE 
MAINTENANCE AND TERMINATION OF PREGNANCY 

Many studies have defined a reduction in the concentrations of circulat- 
ing maternal progesterone as the point at which the initiation of parturi- 
tion occurs. In 1956 Csapo suggested that delivery could not take place 
before a fall in maternal progesterone levels because progesterone 
blocked the activity of the myometrium. In species such as the rabbit, 
the corpora lutea are maintained throughout pregnancy and provide 
progesterone to maintain pregnancy. Ablation of the corpora lutea or 
ovaries leads to abortion. Similarly, normal parturition in rabbits can be 
prevented by exogenous progesterone administration. 

A. The Progesterone Block Theory 

In 1976 Csapo expanded the progesterone-block theory to the seesaw 
theory of pregnancy maintenance and termination. He proposed that the 
myometrial regulators, progesterone and PGs, were opposing forces in 
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the control of the two ends of the seesaw. It was suggested that under 
progesterone dominance, the 'myometrium bound calcium to the cell 
membrane and the sarcoplasmic recticulum. The contractile force of 
parturition is generated by calcium-activated interaction between ac- 
tomyosin and adenosine triphosphate (ATP). This maintained uterine 
quiescence during pregnancy. However, under the increasing production 
and effectiveness of PG at term and declining progesterone dominance, 
the balance of the seesaw was tipped so that PGF,, promoted the influx 
of activator calcium from and through the membrane. The theory sug- 
gested that PGs could not promote uterine contractions when progester- 
one was so strong, it controlled myometrial function. Csapo also included 
a role for estrogen in his theory, suggesting that estrogen domination of 
the hormonal environment promoted intrauterine changes which favored 
myometrial contractility (Csapo, 1976). 

The non-pregnant sheep uterus conforms to the classic progesterone 
block theory of Csapo. Progesterone inhibits the sheep myometrium and 
blocks the action of oxytocin and PGs. Furthermore, in the pregnant 
sheep there is a decrease in peripheral progesterone 1-2 days before labor 
onset and a switch from progesterone to estrogen domination. These 
changes occur in response to fetal signals and thus are parts of the 
endocrine cascade leading to labor. 

B. The Estrogen: Progesterone Ratio in Late Pregnancy 

There is essentially no evidence that systemic maternal progesterone 
withdrawal is a prerequisite for the initiation of primate parturition. In 
humans, maternal peripheral progesterone levels increase progressively 
toward term. However, as the antiprogestin, RU486, a receptor blocker, 
will induce abortion in women, a role for progesterone acting via its 
receptor and resulting in uterine quiescence is envisioned; hence, a 
change in progesterone to estrogen effect is purportedly associated with 
primate parturition. So, how is that effect manifest? Estrogen concentra- 
tions also increase progressively prior to labor in women, but, with 
equally increasing progesterone levels, there is no change in the systemic 
estr0gen:progesterone ratio in favor of estrogen. Therefore, investigators 
have looked for more subtle or local changes in the estr0gen:progester- 
one ratio in primates which may yield the same systemic effects observed 
in animals. One such subtlety may reflect the time of day at which 
steroids are determined. Both steroids are known to be secreted in a 
circadian rhythm at all stages of gestation in primates. During the last 
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1 &12 days of pregnancy there is a forward shift in the initiation of the 
nocturnal estradiol surge so that it occurs before the progesterone surge. 
This can result in a temporary (3-5 h), but effective, increase in the 
estr0gen:progesterone ratio. This forward shift coincides with the begin- 
ning of nocturnal uterine activity and may be a signal for the initiation 
of parturition. 

It is apparent that estrogen formed within the placenta is involved in 
the regulation of progesterone formed by this tissue during primate 
pregnancy. Administration of the antiestrogen, MER-25, a receptor 
antagonist, to baboons in the last one-third of gestation was associated 
with a 50% decline in serum concentration and production rate of 
progesterone. These data suggest estrogen regulates the biosynthesis of 
placental progesterone. 

Pepe and Albrecht have shown that a regulatory system exists in utero 
at mid-gestation in which there is negative feedback control of placental 
estrogen on the secretion of the fetal adrenal DHEAS, possibly by 
attenuating responsivity to trophic peptides (ACTH). During late gesta- 
tion this effect is lost resulting in the increased fetal DHEAS and 
maternal estrogens seen at term. Presumably this does not result in a 
parallel increase in placental progesterone, as it is proposed that normally 
the placenta is maximally stimulated by estrogen. Therefore, these 
processes would lead to an increase in the estr0gen:progesterone ratio at 
term. As placental estrogen formation is dependent on fetal androgen 
precursors from the adrenal gland, this process is ultimately directed by 
the fetus. 

Additionally, the concept has developed that local intrauterine tissue 
changes in steroid concentrations occur prior to or during parturition 
which are not reflected by changes in peripheral plasma concentrations. 
Several studies in this regard have been carried out by Mitchell’s labo- 
ratory. The activities of several enzymes change during the onset of labor 
in decidua and chorion which suggest the possibility that relatively more 
estrogen and less progesterone may be present in these crucial tissues. 
The activity of 3P-hydroxysteroid dehydrogenase, which converts 
pregnenolone to progesterone in decidua decreases during spontaneous 
labor. Estrone sulfotransferase, which catalyzes the release of unconju- 
gated estrone from estrone sulfate, displays an increase in its activity in 
chorion and decidua during labor. Further, the reductive activity of the 
enzyme, 17P, 20a-hydroxysteroid dehydrogenase, which “activates” 
estrone to estradiol and “inactivates” progesterone to 20a-dihydropro- 
gesterone in amnion and chorion, is increased in labor. The net result of 
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these enzyme activity changes suggests a local decrease in the proges- 
terone:estrogen ratios and a local withdrawal of progesterone at birth. 
However, direct determinations of estrone, estradiol, and progesterone 
in amnion, chorion, and decidua showed that no change in the absolute 
concentrations of steroids or in the estr0gen:progesterone ratio occurred 
with labor onset. Hence while the potential has been demonstrated, no 
evidence exists for an actual systemic or local withdrawal of progester- 
one at term or with labor (for a review see Hirst et al., 1993). 

C. The Role of Steroid Hormone Receptors 

A change in the estr0gen:progesterone ratio may also occur at the 
receptor level. Classically, estrogen and progesterone exert their effects 
by binding first to a cyotoplasmic macromolecule to form a receptor 
steroid complex. This complex undergoes translocation to specific nu- 
clear sites where it stimulates RNA synthesis which is responsible for 
modifying cell growth and function. Thus, it is the nuclear receptors that 
are biologically active. The cytoplasmic receptors are replenished by 
recycling of the receptor macromolecule and by de novo synthesis. 

In rat intrauterine tissue, cytosol, and nuclear estrogen receptor con- 
centrations increase abruptly and are maximal at labor. Cytosol proges- 
terone receptor concentrations increase throughout pregnancy until term, 
whereas nuclear progesterone receptor concentrations fall prior to deliv- 
ery, paralleling the changes in steroid concentrations at this time. In 
human myometrium, low or absent levels of progesterone and estrogen 
receptor have been shown throughout pregnancy. These low concentra- 
tions may be due to antagonism of receptor synthesis by high progester- 
one concentrations, however, the estr0gen:progesterone ratio may also 
be important in this regard. In the lower myometrial segment of women 
at spontaneous labor or undergoing elective cesarean section without 
labor, estrogen and progesterone receptors appeared equally distributed 
between the cytosol and the nucleus. No differences in estrogen receptors 
were evident between the two groups, but a decreased progesterone 
receptor concentration was seen in the labored tissues. Estrogen and 
progesterone receptors also exist in the fetal membranes and decidua. 
Estrogen receptor mRNA concentrations increase three to fourfold 
around the time of labor onset, whereas progesterone receptor mRNA 
remains unchanged. These data suggest that an altered action of estrogen 
relative to progesterone may be observed with the onset of labor in 
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humans as a consequence of increased intrauterine tissue estrogen recep- 
tor relative to progesterone receptor (How et al., 1994). 

It is now becoming increasingly apparent that sex steroids may alter 
cell function in other ways than through classic receptor mechanisms. 
These include binding to the cell membrane thereby affecting its struc- 
ture and fluidity and altering the interactions of many agonists-mem- 
brane receptor-second messenger systems. In this context a relaxation 
action of progestins on rat myometrium via a membrane effect which 
inhibits extracellular calcium influx by calcium channels is known to 
exist. Progesterone may act by modulating calcium channel opening. 
Therefore, extrapolating data about steroid activity from receptor studies 
must be viewed with care considering the emergence of evidence sug- 
gesting non-receptor mediated effects. 

IV. EFFECTS OF STEROIDS ON UTERINE MUSCLE 
ACTIVATION AND STIMULATION 

A. Myometrial Activation 

Estrogen and progesterone have no direct effect on contractility, but 
regulate it through their actions on protein synthesis, on synthesis of 
intracellular and cell surface receptors, on phospholipid membrane stkc- 
ture and uterotonin synthesis. Progesterone exerts its blocking action on 
excitation and conduction mechanisms. The ability of the myometrium 
to conduct action potentials is inhibited, thus activity is not propagated 
but is confined to local areas only. In the absence of coordinated propa- 
gated activity there can be no significant development of intrauterine 
pressure. Further, progesterone domination of the uterus serves to main- 
tain smooth muscle intracellular calcium at a low level, and this prevents 
a response to stimulators of myometrial contractility. 

It is well established that a change in the steroid environment from 
progesterone to estrogen dominance causes activation and stimulation 
of the myometrium and effects labor. The essential phenomenon of 
uterine contraction is the interaction between the two muscular proteins, 
myosin and actin. Myosin is composed of heavy and light chains which 
interact with actin causing ATP hydrolysis and the generation of force. 
The interaction between these two proteins is promoted by the enzymatic 
phosphorylation of the myosin light chain, catalyzed by the enzyme 
myosin light chain kinase, which is activated by a calcium-calmodulin 
complex. Estrogens stimulate growth and actomyosin formation in the 
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human uterus and are essential for the maintenance of an effective 
membrane potential to enable 'generation of action potentials (Word, 
1995). 

In order for smooth muscle contraction to spread from cell to cell and 
produce a synchronized uterine contraction, cell-to-cell communication 
through gap junctions is necessary. The number and size of gap junction 
contacts in humans increases at the surface of myometrial cells immedi- 
ately before the onset of labor. They are present during preterm labor and 
absent when delivery is prevented. Furthermore, studies also show that 
if the junctions are prevented from forming by manipulating hormones, 
labor and delivery are either delayed or prevented. The use of estrogen 
and progesterone agonists and antagonists shows that the formation of 
myometrial gap junctions occurs as a result of the action of estrogenic 
hormones while progesterone opposes this stimulatory action (Burghardt 
et al., 1993). The most abundant myometrial gap junction protein has 
been identified as connexin-43 (Cx-43). In both pregnant and non-preg- 
nant rats the steroid environment is important for modulating the steady 
state transcripts encoding Cx-43; estrogen acts to increase the level of 
transcripts, and progesterone can both block and reverse this action of 
estrogen. Further, estrogens may affect gap junction permeability as 
isolated myometrial cells primed with 17P-estradiol compared to un- 
treated controls showed increased intracellular communication. In sheep, 
the timing of myometrial gap junction formation and hnction can be 
correlated with an increase in the ratio of circulating estrogen to proges- 
terone. In the human myometrium, a local progesterone withdrawal is 
implicated in this process (for a review see Lye, 1994). 

B. Myometrial Uterotonins 

The increased sensitivity of the myometrium to contractile agents is 
determined by increased receptor numbers and enhanced receptor cou- 
pling to second-messenger systems. In sheep the change in the steroid 
environment to estrogen dominance promotes the foimation of receptors 
for oxytocin and PGs. In women estrogen treatment in late pregnancy 
increases oxytocin sensitivity by stimulating an increase in oxytocin 
receptor concentrations. PGs can be identified as positive feedback 
agents in this cascade as they further enhance estrogen-induced expres- 
sion of oxytocin receptors (for reviews see Fuchs, 1995; Olson et al., 
1995). 
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In addition, estrogens stimulate endocrine and paracrine production 
of the oxytocin peptide. The release and synthesis of oxytocin in the 
hypothalamus is increased due to stimulation of oxytocin gene expres- 
sion by estrogen. Furthermore, in human amnion, chorion and decidua, 
estrogen stimulated a fourfold increase in oxytocin mRNA in vitro which 
is an increase similar to that seen in tissues obtained around the time of 
spontaneous parturition relative to those obtained earlier in gestation. 
Progesterone had little effect on this response alone and inhibited the 
estrogen response in some experiments. Oxytocin stimulates phospha- 
tidylinositiol hydrolysis in myometrial cells resulting in increased inosi- 
to1 triphosphate generation which is a second messenger step leading to 
myometrial contraction. Diacylglycerol is also a product of this hydroly- 
sis; the action of cellular lipases on diacylglycerol releases arachidonic 
acid which is the substrate of PGs. Also, the release of intracellular 
calcium initiated by phosphatidylinositol hydrolysis can cause fbrther 
mobilization of arachidonic acid from phospholipid stores as the pho- 
pholipases responsible for this reaction are Ca2+ dependent. Furthermore, 
oxytocin has been shown to induce the production of another uterotonin, 
endothelin-I, in decidua. Comparable to all these stimulatory agents, 
endothelin-I induces calcium influx into myometrial cells and is equipo- 
tent to oxytocin in stimulating uterine contractions. 

There is other in vitro evidence that the production of PGs by human 
intrauterine tissues is regulated hormonally. In general, estrogen stimu- 
lates PG production while progesterone can either antagonize or augment 
estrogen action. In culture, estrogen has been shown to stimulate the 
output of PGE, from decidual cell preparations obtained from patients 
at elective cesarean section. In the myometrium, dexamethasone de- 
creased prostacyclin synthesis by 90%. Prostacyclin (PGI,) causes 
myometrial relaxation, and the increase in fetal glucocorticoid produc- 
tion at term described previously may have a further role in decreasing 
PGI, synthesis and causing a switch to the production of stimulatory 
PGF,, and PGE,. 

Estradiol and progesterone have no effect on the expression of the two 
isoforms of prostaglandin endoperoxide H synthase (PGHS), the enzyme 
catalyzing the rate limiting step of the conversion of arachidonic acid to 
PGE, in cultured amnion cells. Arate-limiting step in metabolism of PGs 
is the 15-prostaglandin dehydrogenase enzyme (PGDH) which is found 
in most intrauterine tissues, especially chorion. The activity of this 
enzyme is stimulated by progesterone. Therefore, under the progesterone 
domination of pregnancy, PGDH enzyme levels will be high, reducing 
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the bioactivity of any PGs formed. Local withdrawal of progesterone at 
term may reduce PDGH activity, thus increasing PG bioactivity. In 
support of this are the observations of women treated early in pregnancy 
with the progesterone receptor antagonist, RU486. Such treatment is 
associated with a dramatic decrease in decidual PGDH activity and 
increased spontaneous uterine contractility (Hansen, 1976). 

V. SYNTHESIS A N D  ACTION OF MYOMETRIAL 
CONTRACTILE STIMULATORS 

A. Oxytocin 

Perhaps the most appealing evidence which reveals the dual physi- 
ological roles of uterine activation and stimulation is that of increasing 
myometrial responsiveness to oxytocin in late gestation. Hirst and his 
colleagues studied the maternal plasma concentrations of oxytocin dur- 
ing late gestation in rhesus monkeys. They observed an increase in the 
amount released from day 130 to day 156 gestation (term = day 167), 
and that the release of oxytocin occurred during the dark hours, between 
2100 h and 0300 h. The importance of this finding is related to the 
observation that rhesus monkey myometrial contractility displays a 
nocturnal increase in contractile activity during late gestation when 
contractures become contractions. With succeeding nights, the intensity 
and duration of the contractions increase, in parallel with increased 
oxytocin levels in plasma. To demonstrate the correlation between noc- 
turnal uterine activity and nocturnal oxytocin release, Atosiban, an 
oxytocin receptor antagonist was administered. It blocked the nocturnal 
increase in uterine contractile activity (contractions), but upon cessation 
of administration, nocturnal uterine activity returned. Daytime uterine 
activity and oxytocin levels were baseline throughout this period of late 
gestation. 

To further test whether uterine sensitivity to oxytocin varied, oxytocin 
was infused at different times of the day into pregnant rhesus monkeys. 
The researchers observed that the myometrial contractile responsiveness 
was greatest at night when compared to afternoon or morning. It is at 
night when the fetal DHEAS levels are highest, and DHEAS administra- 
tion to the fetus causes a switch from contractures to contractions. Hence, 
it is probable that raising fetal DHEAS levels directly or indirectly 
through estrogen formation activates the uterus, while enhanced oxyto- 
cin release, perhaps again stimulated through elevated estrogen produc- 
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tion, causes the uterus to develop contractions (see Olson et al., 1995 for 
review). 

Recent work has demonstrated the potential of intrauterine tissues to 
produce oxytocin and their estrogen sensitivity in this regard. It has been 
shown that the rat uterus had large increases in oxytocin mRNA abun- 
dance on days 18 and 21 (birth = day 22). The intrauterine sources of 
oxytocin are endometrium, placenta, and amnion, with the endometrium 
being the probable site of late pregnancy changes in gene expression. 
When treated with steroids, progesterone alone had no effect upon rat 
uterine oxytocin mRNA expression and estrogen raised the expression 
slightly, but significantly. However, when both estrogen and progester- 
one were administered together, a synergistic increase in oxytocin 
mRNA occurred. This increase was not as large as the increase observed 
on day 2 1 of pregnancy, however, suggesting other potential regulators 
of rat uterine oxytocin mRNA expression (Alexandrova and Soloff, 
1980). Given the small number of hypothalamic oxytocin neurons which 
contain estrogen receptors, it is possible that uterine oxytocin is the 
primary site of estrogen-mediated increases in oxytocin production. 
Chibbar found that oxytocin mRNA is expressed in human intrauterine 
tissues, with most coming from decidua and lesser amounts in chorion 
and amnion, while the placenta does not have detectable levels. The 
expression in decidua increases with the onset of labor at term. Incuba- 
tion of choriodecidua tissue with estrogen promoted a threefold increase 
in oxytocin mRNA expression while progesterone had no effect. 

These intrauterine interactions between estrogen and oxytocin expres- 
sion suggest the possibility of a paracrine control of oxytocin and PG 
production in the uterine tissue. Activation of the primate fetal adrenal 
may lead to increased production of fetal DHEAS which is aromatized 
to estrogen in the placenta. This estrogen may lead to enhanced decidual 
expression, production, and storage of oxytocin. At the same time, 
increasing estrogen may enhance production of PGF,, from the decidua. 
This PGF,, may stimulate the release of oxytocin, which in other species 
is known to trigger the production of more PGF,,. Hence, two uterine 
contractile stimulants may have a positive feed-forward relationship 
whereby they stimulate the production of one another in addition to 
stimulation of the myometrium. This possibility needs to be tested. 

Another question which has been addressed, but not completely 
answered, is whether oxytocin is actually the uterine stimulant which 
leads to labor initiation. The use of oxytocin receptor antagonists has 
shown that their administration prevents the nocturnal switch from 
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contractures to contractions in rhesus monkeys and baboons. In guinea 
pigs the administration of an oxytocin receptor antagonist decreased 
uterine electromyographic (EMG) activity and prolonged the expulsive 
(second) phase of labor. This resulted in a delay of fetal delivery and 
increased fetal mortality. However, maximum uterine activity occurred 
at the expected time and the transition of EMG activity from a prepartum 
to a postpartum pattern was normal. These data suggest that oxytocin is 
not involved with the mechanism of the onset and timing of labor, but 
that it does contribute to the expulsive phase of labor. Similar studies 
must be performed in primates, and the potential interaction between PG 
and oxytocin synthesis needs to be included. 

B. Prostaglandins 

The other major uterine stimulant is PG. The sites of PG synthesis in 
the human and higher primates are the intrauterine tissues, amnion 
producing primarily PGE, and decidua producing PGF,, plus other PGs 
(for reviews see Olson et al., 1993). The lines of evidence supporting the 
theory that PGs are important in the initiation and maintenance of labor 
include the administration of PG from mid-pregnancy to term causes 
labor; that blocking PG synthesis delays labor onset, reduces contrac- 
tions, and prolongs the process of labor; that PG levels in maternal 
plasma, urine; and amniotic fluid rise with labor progression; and that 
PGs stimulate uterine contractility in vitro. 

While evidence may be strongly supportive of a role of PGs in labor 
initiation in sheep and even rhesus monkeys, the data are not as clearcut 
in humans. Indeed, it has been suggested that PGs may actually be a 
consequence and not a cause of labor in humans. Principal among the 
difficulties in humans is the fact that the major increase in amniotic fluid 
and maternal plasma PGs occurs after labor has started rather than before. 
Through the gradually opening cervix, the fetal membranes and attached 
decidua may come into contact with vaginal fluids and the bacteria 
contained therein. This, combined with decidual necrosis, leads to en- 
hanced local production of PGs which is reflected by a gradient of PG 
concentrations within the amniotic fluid. Consequently, the observed 
large increase in PG concentrations in amniotic fluid may occur as a 
function of labor. 

Although this evidence explains much of the large increase observed 
in amniotic fluid and, perhaps via absorption by the vagina, maternal 
plasma increases in PGs during second stage labor, it does not explain 
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the pre-labor increases in amniotic fluid PGs which several laboratories 
have observed. These studies, using transabdominal or transcervical 
amniocentesis, sampled patients before the onset of labor as established 
by several clinical criteria. Even though transcervical amniocentesis can 
be criticized because amniotic fluid can come into contact with vaginal 
secretions, it does not account for the changes observed in late gestation 
amniotic fluid PG concentrations as the procedure was performed iden- 
tically in each patient. Preterm increases in sheep and rhesus monkey 
amniotic fluid PGs are well documented and have been correlated with 
increasing myometrial contractility. The questions which must be ad- 
dressed in hture studies are what is the concentration of PG at the 
myometrium, and what is the critical concentration needed to stimulate 
uterine contractility? 

The direction of a great deal of work now is to explore the mechanisms 
responsible for changes in PG production in late gestation. There does 
not appear to be any circadian rhythm to the pattern of PG production, 
therefore it is unlikely that acute changes in DHEAS or estrogen play a 
prominent role in PG regulation. 

The two steps of the pathway leading to PGs which are most amenable 
to control are the deacylation, or release, of arachidonic acid and its 
conversion to endoperoxide. Two specific areas in relation to this process 
are receiving a great deal of attention recently. The first is the identifica- 
tion of an extracellular (Type 11) phospholipase A, (PLA,-11) which is 
the most abundant PLA, present in human gestational tissues as shown 
by Rice and his laboratory group. Importantly, its immunoreactive and 
catalytic activity increase in amnion, choriodecidua, and placenta during 
labor, but not after labor. There is no corresponding change in mRNA, 
suggesting an acute regulation at a post-transcriptional site. None of the 
other descriptions of phospholipase have demonstrated a change in 
catalytic activity at term, hence the justification of excitement over these 
findings. 

The second area of attention is the control of PG synthesis at the 
prostaglandin endoperoxide H synthase (PGHS) or cyclooxygenase step. 
Recently it has been shown that human amnion PGHS enzyme activity 
increases in late gestation, before the onset of labor, which parallels the 
changes in amniotic fluid PGs seen in other studies. Two forms of PGHS 
exist, a constitutive form PGHS-1, and an inducible form PGHS-2. 
PGHS-1 and -2 mRNA and immunoreactive proteins have been identi- 
fied in amnion and decidua. PGHS-2 mRNA abundance increases in 
amnion with labor onset, and this expression is correlated with increasing 
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enzyme activity as indicated by Hirst et al. (1 995). There is no change 
in PGHS-1 expression with labor onset. The factors at term which control 
the expression of PGHS-2 remain to be identified, but interleukin- 1 p, 
epidermal growth factor, renin, and glucocorticoids have all been shown 
to increase PGHS-2 mRNA in cultured amnion cells. 

VI. LOSS OF INHIBITION IS ANOTHER MECHANISM 
FOR INITIATION OF CONTRACTION 

Other physiological regulators of the PG biosynthetic pathway have been 
identified and postulated to play a role in the suppression of labor. It is 
hypothesized that withdrawal of these factors at parturition results in 
increased PG synthesis and uterine contractility. 

A. Phospholipase A2 Inhibitors 

Lipocortins are PLA, inhibitors, but their physiological activity is 
questionable. They are found in large quantities which argues against a 
regulatory role. They appear to interact with the substrate rather than the 
enzyme which means they may not be specific for the PG biosynthetic 
pathway. Furthermore, inducible levels have not been found to correlate 
with phospholipase inhibition or PG synthesis. Uteroglobulin is a pro- 
gesterone-induced protein inhibitor of PLA,, and, although no physi- 
ological role for uteroglobulin has been established yet, it may be 
involved in the mediation of progesterone-controlled uterine quiescence. 

Gravidin is a purported protein inhibitor of PLA, which is present in 
human amniotic fluid where it is identical to the secretory component of 
IgA. The greatest production of the gravidin protein has been found in 
the chorion. Assays in chorion taken before and after labor onset showed 
that gravidin activity before labor onset was much greater before labor 
onset than it was after. Thus, it is possible that gravidin becomes inactive 
or its synthesis stops at parturition. Measurements of gravidin have also 
been made in amniotic fluid and serum in a group of patients admitted 
in preterm labor. Mothers going into preterm labor had lower levels of 
gravidin than those who went on to term. In addition, serum gravidin-IgA 
falls to non-pregnant levels on administration of RU486. It therefore 
appears that gravidin action may be mediated by progesterone. These 
data provide evidence of a role for gravidin in the maintenance of 
pregnancy (Wilson, 1993). More recent work has disputed the existence 
of gravidin as a unique protein and as an inhibitor of PLA,. Rather, it is 
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believed that a different 72 kDa protein with PLA, inhibitory activity is 
present in human amniotic fluid. 

6. PGHS inhibitors 

Human pregnancy plasma has been found to have the ability to inhibit 
PG synthesis. This has been ascribed to the presence of a circulating 
endogenous inhibitor of PG synthesis (EIPS) which inhibits cyclooxy- 
genase. The physiological significance of this in the initiation of partu- 
rition is doubtful as EIPS levels did not change in studies of maternal 
plasma during pregnancy, parturition, and labor. However, it may act at 
a local level. Further, a pregnancy-associated prostaglandin synthase 
inhibitor (PAPSI) has been located specifically in human amniotic epi- 
thelial cells in women before the onset of labor and found to be absent 
in the amniotic epithelium of women in labor. The results from such 
studies may become more meaningful when reevaluated with reference 
to the recent findings concerning the differential expression of the PGHS 
-1 and -2 isoforms with parturition. 

C. The Role of Nitric Oxide 

In the rat uterus an L-arginine-nitric oxide-relaxation pathway exists 
that modulates contractility. The substrate, arginine, a donor of nitric 
oxide sodium nitoprusside and nitric oxide gas all produced substantial 
relaxation of the pregnant rat uterus. The effects of L-arginine were 
reversed by inhibitors of nitric oxide synthase (e.g., L-NG-Nitroarginine 
methyl ester; L-NAME) and soluble guanylate cyclase, the receptor for 
nitric oxide. Nitrates and nitrites were produced by the uterus in the 
presence of L-arginine, and they were inhibited by L-NAME, indicating 
the involvement of nitric oxide synthase in the generation of nitric oxide. 
Furthermore there appeared to be a reduction in nitric oxide synthase 
activity at the time of deliveiy so the relaxation effects of L-arginine were 
decreased at the time of delivery. This was confirmed by detecting nitric 
oxide synthase (NOS) activity; markedly less NOS activity was detected 
in nerves, blood vessels, and decidua in uterine tissue collected during 
labor compared to the pregnant state. This indicates the L-arginine-nitric 
oxide system may contribute to the maintenance of uterine quiescence 
during pregnancy. A decrease in the generation of nitric oxide and/or in 
responsiveness to nitric oxide at term could be a hrther contributory 
mechanism that leads to increased uterine contractility and initiation of 
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labor (Izumi et al., 1993). Indeed, recent work has indicated that in sheep 
myometrium a large increase in soluble guanylate cyclase occurs during 
the third trimester which then falls precipitously, implying that uterine 
quiescence may be due to changes in the nitric oxide receptor and not in 
nitric oxide levels. However, administration of L-NAME or nitroglyc- 
erin had no effect either shortening or lengthening gestation indicating 
that the overall cause of labor is not regulated by nitric oxide (see 
Garfield et al., 1995 for review). 

In an experimental model, L-arginine inhibited contractions in human 
myometrial strips during the late stages of gestation suggesting a role for 
this system in human pregnancy. Based on the findings that nitric oxide 
activated the cyclooxygenase enzyme in the hypothalamus to produce 
PGE,, it was shown that nitric oxide also stimulated the release of PGE,, 
PGF,,, 6-keto PFGl,, TXB,, and 5-HETE from 17P-estradiol treated rat 
uteruses in vitro. Clearly, this system must be studied under hormonal 
environments that have been otherwise manipulated, for example, under 
progesterone dominance or in the ovariectomized rat before its relevance 
in the control of pregnancy and parturition can be determined (Franchi 
et al., 1994). 

VII. OTHER PHYSIOLOGICAL EVENTS OF PARTURITION 

The essential aspect of successful delivery of the fetus is not only the 
development of rhythmical, sustained, and coordinated contractions of 
uterine muscle. Rupture of the fetal membranes and ripening and dilata- 
tion of the cervix must occur so that the fetus can be released from the 
uterine compartment. 

A. Fetal Membrane Rupture 

The process of labor and delivery results initially from a change in the 
relationship of the external fetal membranes and uterine wall. This 
involves separation of the chorion from the uterine decidual layer. There 
is enhanced glycosylation of a fetal-fibronectin glycoprotein localized 
in an area where the placenta and its membranes meet the uterine wall. 
The enhanced glycosylation of this placental fibronectin substantially 
reduces its binding affinity for other components of the extracellular 
matrix and therefore facilitates the separation of the chorion from the 
decidual layer. When this occurs fetal fibronectin is released into the 
cervicovaginal secretions. As fetal fibronectin is different to the fi- 
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bronectin extracted from adult tissues, its appearance in these secretions 
is frequently used as a predictor of the onset of preterm and term labor 
and delivery (Ahner et al., 1995). Furthermore, there is evidence that 
separation of the chorion from the decidua may involve programed cell 
death or apoptosis at the chorio-decidual interface. In rabbit uterine 
epithelial cells progesterone withdrawal and the presence of transform- 
ing growth factor p- 1 has been shown to result in apoptosis. Both these 
events occur in the intrauterine tissues and are associated with the normal 
onset of parturition in this species (Gerschenson and Rotello, 1992). 

Rupture of the fetal membranes is the result of mechanical and 
enzymatic processes. The biomechanical properties of fetal membranes 
collected after spontaneous labor or after cesarean section in the absence 
of labor are different. Following vaginal delivery the strength of the 
amnion decreases and the extensibility of the chorion increases. Thus, 
during labor there are mechanical changes in the fetal membranes that 
facilitate rupture. Other evidence suggests collagenases and fibrinolytic 
factors are involved in this process. Term amniotic fluids are capable of 
inducing the synthesis of collagenases and other proteases in fibroblasts 
while nonterm amniotic fluids fail to do the same. A number of fibri- 
nolytic activators and inhibitors are present in the fetal membranes 
during gestation. It is postulated that a balance favoring the production 
of activators over inhibitors triggers membrane rupture at term (Watan- 
abe et al., 1993). 

B. Cervical Ripening 

Further to membrane rupture, cervical ripening toward term and 
dilatation at delivery are essential processes. In the first part of gestation 
the cervix is hard and firmly holds the uterine contents. The biochemical 
process of “cervical maturation” commences at about the thirty-fourth 
week of pregnancy until the cervical 0s is fully dilated at delivery. The 
close cooperation between the myometrium and cervix is essential for 
normal uterine function, and defects in this relationship cause maternal 
and fetal morbidity. 

There are three main structural components in the cervix of women: 
smooth muscle, collagen, and the connective tissue “ground-substance.” 
The last contains the cervical glucosaminoglycans: dermatan sulfate, 
chondroitin sulfates, and hyaluronic acid. In humans, smooth muscle has 
not been shown to have a role in cervical dilatation (Uldjerg and Malm- 
strom, 1991). The enzymatic breakdown of collagen is a key factor in 
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cervical softening. The collagen fragments become soluble and leave the 
ripened cervical tissue. The degradation of collagen occurs as an action 
of the enzymes collagenase and leukocyte elastase. The latter is located 
in the azurophil granules of polymorphonuclear leukocytes. Leukocyte 
infiltration and degranulation occurs in the term cervix in a similar 
manner to that seen in inflammatory reactions (Jeffery, 1991). Indeed, it 
was Liggins who first proposed that cervical ripening was similar to an 
inflammatory reaction. Cervical dermatan sulfate concentrations dimin- 
ish along with those of collagen and the cervix becomes swollen and soft 
due to increased hyaluronic acid and water content. The increased 
hyaluronic acid and water content accounts for the soft, fragile texture 
of the ripened cervix, whereas the breakdown and loss of collagen and 
dermatadchondroitin sulfates facilitate flexibility and distensibility. 

The biochemical events underlying cervical maturation indicate it is 
an active cellular process and is thus subject to regulatory control. The 
activity of collagenase and other proteolytic enzymes rises with the 
increasing intrauterine estrogen dominance in late gestation. Conversely, 
in non-pregnant human cervix explants, collagen breakdown is dimin- 
ished by progesterone administration. PGs, especially PGE, are clearly 
involved in cervical ripening at term in women. PGs have been used 
clinically for years to induce first and second trimester abortions and 
cervical ripening. Further, in humans ripening of the cervix is associated 
with increased PGI, and HETE production. The latter are arachidonic 
acid metabolites produced by lipoxygenase enzymes. HETEs and their 
metabolites are potent chemoattractants; PGI, is involved in increasing 
vascular permeability during inflammatory reactions. Based on these 
observations it is possible production of these mediators summons the 
polymorphonuclear leukocytes known to infiltrate the cervix at term and 
leads to enzyme secretion and collagen degradation. 

In addition to evidence of their local production by the cervix, PGs 
have been shown to have effects on cervical ripening in vivo. In late 
pregnant sheep treated with epostane, a 3PHSD inhibitor which de- 
creases progesterone synthesis, there was an increase in utero-ovarian 
plasma PGE, and PGF,,. This was accompanied by increases in uterine 
activity and cervical softening. Addition of the PG synthesis inhibitor, 
mefenamic acid, caused PG levels to fall and uterine activity and cervical 
softening to cease. 

The hormone relaxin is also postulated to be involved in cervical 
ripening. In non-pregnant, estrogen-primed rhesus monkeys, relaxin 
administration induced histologic, biochemical, and biomechanical 
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changes that were similar to normal cervical ripening. Relaxin receptors 
are present in the human cervix and local administration of relaxin to 
women is beneficial in cervical dilatation. 

Last, a relationship between cervical maturation and the initiation of 
labor is well demonstrated. In one study women received labor prein- 
duction treatment of oxytocin infusion alone or oxytocin infusion and 
intracervical PGE, gel. The contractile activity was no different in the 
two groups. However, in the PGE, treated group, the women proceeded 
to spontaneous labor and delivered fast; the length of the active phase 
and the second stage of labor was shorter, and the incidence of cesarean 
sections was lower. Thus, pretreatment of the cervix with PG supposito- 
ries causing maturation facilitates a more efficient labor process without 
an increase in myometrial activity (for a review see Huszar and Walsh, 
1991). 

VIII. SUMMARY 

It is evident that parturition results from a complex interplay of maternal 
and fetal factors. It is the result of the sequential maturation of an 
endocrine organ communication system. In sheep, and potentially pri- 
mates, the sequence can be seen to begin at the level of the fetal brain 
with increased cortisol production from the fetal adrenal providing the 
trigger to the subsequent evolution of maternal endocrine changes. In 
sheep, the regulatory mechanisms responsible for the changes in fetal 
adrenal glucocorticoid secretion can be considered to be the initial 
signals of the onset of parturition. In primates, these mechanisms are 
estrogen-dependent, the synthesis of which is directed by the arrival of 
C,, steroid precursors at the placenta. These estrogen precursors are also 
synthesized by the fetal adrenal. Throughout gestation, progesterone acts 
to maintain pregnancy. Interestingly, in primates placental progesterone 
synthesis is for the most part dependent on estrogen synthesis by the same 
tissue and therefore, ultimately, the fetus. Toward term, the influence of 
progesterone is either withdrawn locally and/or overcome by rising 
estrogen levels. The role of the fetal adrenal in providing increased 
estrogen precursors for the latter process in primate parturition is at least 
firmly established. Under the increasing estrogen dominance of the 
intrauterine tissues, activation of the myometrium and an increased 
capacity for uterotonin synthesis occurs. This leads to the rhythmic 
contractions of labor that lead to the expulsion of the uterine contents. 
Rupture of fetal membranes and dilatation of a ripened cervix are 
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essential to complete a successful delivery. A glucocorticoid signal from 
the fetus, or, another as yet undefined signal, initiates a feed-forward 
cascade of events which results in secretion of myometrial stimulants, 
uterine contraction, membrane rupture, cervical dilatation, and labor. 
The ultimate signals for birth may yet be found to reside at the level of 
the primate fetal brain as in the sheep. These signals initiate an array of 
fetal and maternal endocrine and paracrine processes that result in the 
timely delivery of a viable neonate. 
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ABSTRACT 

The trophoblast is increasingly recognized as an active regulator of its 
environment and no longer a passive steroid-producing, immunological 
filter. Considerable evidence supports a dominant role of the trophoblast 
in blastocyst implantation, maternal metabolic regulation, regulation of 
the maternal immune response to the allograft fetus, angiogenesis, and 
regulation of placental blood flow and parturition. These actions are 
accomplished largely through the secretion of soluble substances, but also 
involve the expression of unique surface antigens such as HLA-G. Cur- 
rently, there is poor understanding of the pathophysiological mechanism 
of several diseases of pregnancy: intrauterine growth retardation, preg- 
nancy-induced hypertension, and preterm labor. The evolving knowledge 
of trophoblast regulatory hnctions within the uterus promises opportuni- 
ties for clarifying disease mechanisms. 

1. INTRODUCTION 

Concepts of placental function have evolved from its first recognition as 
a protein-producing organ (Halban, 1905) to a participant in a complex 
endocrine-paracrine system involving the mother, placenta, and fetus 
(Jones, 1993; Cross et al., 1994). What, then, are the functions or 
controlling factors within this system that can be regarded as primarily 
originating in the trophoblast? This chapter will seek to outline estab- 
lished dominant trophoblast functions and to consider emerging possible 
new leading roles of the trophoblast in normal physiology and in the 
pathophysiology of diseases of pregnancy. 
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II. IMPLANTATION 

A. Physiology 

The ability of the blastocyst to implant ectopically is perhaps the best 
evidence of the leading role of trophoblast cells in implantation, mor- 
phologically evident in very early embryo attachment at seven days after 
fertilization (Hertig and Rock, 1945). The ability of the trophoblast to 
attach and invade the uterus appears to have many similarities to the 
mechanism of invasion of metastasizing malignant cells (Liotta, 1990; 
Lala and Graham, 1990). 

What are the properties of the trophoblast that permit this activity? 
Pre-implantation human blastocysts make f3 1 integrin and laminin in 
preparation for attachment (Turpeenniemi-Hujanen et al., 1992; Figure 
1). After implantation, both the cytotrophoblast and the endometrium 
express cell adhesion molecules such as integrins (Korhonen et al., 199 1 ; 
Damsky et al., 1992; Lessey et al., 1992) and E-cadherin (Glasser et al., 
1988; Fisher et al., 1989) which are likely to be important in attachment 
of the blastocyst to the endometrium. These have not been studied in the 
fallopian tube but presumably must be analogously present to permit 
attachment in this location. The expression of these proteins represents 
an inherent property of the cytotrophoblast cells for attachment behavior. 
The cytotrophoblast also synthesizes an unique fibronectin isoform, 
oncofetal fibronectin, which may act as an additional “glue” to specifi- 
cally attach the blastocyst onto endometrial integrin receptors (Feinberg 
et al., 1991). 

The next step is release of proteases that degrade the endometrial 
stroma to permit entrance of the invading cytotrophoblast. In preparation 
for invasion, the human pre-implantation blastocyst synthesizes 92 kd 
type IV collagenase that increases up to the time of implantation (Puistola 
et al., 1989). Mouse blastocysts also synthesize other metalloproteinases, 
tissue inhibitors of metalloproteinases (TIMPs), and urinary-type plas- 
minogen activator (uPA) but it is not known if the human blastocyst is 
similar (Strickland et al., 1976; Sappino et al., 1989; Behrendtsen et al., 
1992; Brenner et al., 1989). Once implanted, the invasive extravillous 
cytotrophoblast releases predominantly 92 kD type IV collagenase 
(Fisher et al., 1985, 1989; Librach et al., 1991; Fernandez et al., 1992), 
but possibly other collagenases, aminopeptidases, cathepsin B (Gossrau 
et al., 1987; Liotta, 1992; Yagel et al., 1993; Shimonovitz et al., 1994; 
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figure 7. (A) Pre-attachment blastocyst trophectodermal cells express integrins for 
attachment, secrete lytic factors (uPA, collagenase) to aid invasion of the en- 
dometrial surface, and laminin for attachment and matrix support within the 
endometrium. (B) A complex regulatory system of matrix degradatory factors (uPA, 
plasmin, collagenases) is  present at the trophoblast-endometrial interface. 

Emonard et al., 1990; Autio-Harmainen et al., 1992), and uPA (Martin 
and Arias, 1982; Queenan et al., 1987). uPA converts plasminogen to 
plasmin, a serine protease with broad substrate specificity including 
collagens, laminin, and fibronectin (Vaheri et al., 1990; Figure 1). 
Invading cytotrophoblast cells express uPA receptor, thus making uPA 
available at the invasion site (Zini et al., 1992). Gene knockout experi- 
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Figure 2. Implantation is a complex interactive process between the trophoblast 
and endometrium, driven primarily by trophoblast-derived factors. Invasion-pro- 
moting factors (left side of figure) include bFGF, LRP, uPA, and collagenases. There 
appears to be a positive feedback loop wherein trophoblast-secreted laminin 
increases type IV collagenase production. Invasion-inhibitors (right side of figure) 
include TIMPs, PAI-1, PAL2 and TGFPl (which further induces TlMPs and PAI-1 
and PAI-2). The trophoblast thus controls both stimulators and inhibitors in a 
balanced system. 

ments in mice also point to a role for low density lipoprotein-related 
protein (LRP) in clearing uPA-urinary plasminogen activator-plasmino- 
gen activator inhibitor (uPA-PAI) complexes from the surface of invad- 
ing cytotrophoblasts, thus making uPA receptor sites available for new 
active enzyme to be presented by the cytotrophoblasts to the en- 
dometrium (Herz et al., 1992). Interestingly, the cytotrophoblasts also 
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make laminin (Autio-Hamainen et al., 1991) which stimulates col- 
lagenase IV activity (Emonard et al., 1990), thus providing a positive 
feedback loop to enhance invasion as well as provide a substrate for 
cytotrophoblast attachment. Although not yet shown to occur in cytotro- 
phoblast cells, basic fibroblast growth factor (bFGF) stimulates uPA 
production in endothelial cells (Flaumenhaft et al., 1992). As bFGF is 
made predominantly in the syncytium (Cattini et al., 1991), this would 
provide yet another positive regulatory mechanism for activating degra- 
dative enzymes. 

The trophoblast also produces a variety of degradation inhibitors to 
counterbalance these invasion-promoting enzymes. The trophoblast syn- 
thesizes plasminogen activator inhibitors (PAI- 1, PAI-2; Feinberg et al., 
1989), and tissue inhibitors of metalloproteinases (TIMPs), the major 
collagenase inhibitors in placenta (Lala and Graham, 1990; Rajabi et al., 
1990; Graham and Lala, 1992). The TIMPs can inhibit cytotrophoblast 
invasion analogous to their effect on tumor invasion (Lala and Graham, 
1990; Testa and Quigly, 1991). Additionally, the trophoblast, and par- 
ticularly the syncytium (Figure 3 )  as well as decidua can make TGFPl , 
which can induce the TIMPs. It is possible that plasmin, ubiquitous in 
blood, may activate latent TGFP 1 produced in trophoblast and decidua 
(Lyons et al., 1988; Matsuzalu et al., 1992; Graham and Lala, 1992). 
TGFP 1, in turn, could inhibit uPA activity as occurs in endothelial cells 
(Flaumenhaft et al., 1992; Grainger et al., 1995). The syncytium also 
expresses much more PAL2 (Feinberg et al., 1989) and appears to 
express relatively more PAI-1 (Figure 3 ;  Morrish et al., unpublished 
data). 

The cytotrophoblast thus has the capability of regulating its own 
invasion (Figures 1 and 2) by controlling the secretion of both degrading 
enzymes, their inhibitors, and some of their regulators. 

After degradation of the endometrial extracellular matrix, the cytot- 
rophoblast probably lays down matrix proteins favorable to its own 
growth. There is evidence that the cytotrophoblast secretes fibronectin 
(both oncofetal and mature isoforms; Queenan et al., 1987; Feinberg et 
al., 199 1; Morrish et al., unpublished data) and localization studies have 
shown the mRNA and peptide for laminin and collagen type IV in 
cytotrophoblast columns (Autio-Harmainen et al., 1991). Collagen I 
mRNA is also expressed in cytotrophoblast cells (Figure 3; Morrish et 
al., unpublished data.) 

Since the cytotrophoblast initiates invasion, it follows that decidual- 
produced modifiers of the process such as extracellular matrix binding 
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Figure3. Northern blots of trophoblast products using in vitrocultured human term trophoblast cells as described (Morrish et al., 1987). 
15 pg total cellular mRNA was transferred to nylon membranes and hybridized with specific human cDNA probes as shown. (A) human 
collagen type I in cytotrophoblast (C) and placental fibroblasts (F); (B) PAL1 expression in cytotrophoblast (C) and partially-formed 
syncytium in vitro (5); (C) TGFP1 in cytotrophoblast (C) and syncytium ( S ) ;  (D) adrenomedullin expression in cytotrophoblast (C) and 
syncytium (5). 
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via integrins (Werb et al., 1990; Hynes, 1992) or insulin-like growth 
factor binding protein (IGFBP-1;' Irving and Lala, 1994) may serve as 
feedback signals by which the cytotroplioblast can direct synthesis of the 
appropriate matrix elements to suit its environment. 

B. Pathophysiology 

Intriguing evidence exists that a primary abnormality in some of these 
regulatory processes may be involved in certain diseases, although there 
is as yet no proof that the abnormalities originate in the placenta. Some 
types of female infertility are associated with disruption of endometrial 
integrin expression (Lessey et al., 1992). In preeclampsia, cytotro- 
phoblast differentiation and invasion are abnormal, with shallow en- 
dometrial penetration and lack of upregulation of a l l P  1 integrin (Zhou 
et al., 1993). Preeclamptic patients have decreased placental PAI-2 and 
uPA levels and increased PAI-1 levels (Reith et al., 1993; Estelles et al., 
1994; Lindhoff and Astedt, 1994; Hofinann et al., 1994). Increased PAI-2 
levels are seen in patients with recurrent abortion (Gris et al., 1993). In 
both diseases, decreased fibrinolysis is favored by these changes in PAI-2 
or PAI-1, leading to fibrin deposition that may block trophoblast devel- 
opment or interfere with vascularization, thus promoting poor attach- 
ment. Although initial studies showing high cervical tissue collagenase 
levels in preterm labor were speculated to be a potential placental 
disorder leading to early parturition (Rajabi eta]., 1987), this abnormality 
appears more likely due to neutrophils infiltrating the cervix and not due 
to increased placental production (Osmers et al., 1992; Morrison et al., 
1994). 

Thus, several diseases of pregnancy may potentially have a primary 
abnormality in trophoblast implantation as a cause. Clearly, hrther study 
is needed to determine a cause and effect relationship. 

111. METABOLIC REGULATION 

Interestingly, and perhaps teleologically appropriately, the syncytium, 
the transporter of nutrients to the fetus, is the source of the major 
metabolically active hormones. 
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A. hCG 

The longest recognized regulatory function of the placenta is the 
secretion of human chorionic gonadotropin (hCG), first discovered in 
1927 (Aschheim and Zondek, 1927) and shown to originate in the 
placenta by Kido (1 937). HCG functions in the first trimester to stimulate 
corpus luteum estrogen and progesterone production, both essential for 
maintaining the endometrium and for early blastocyst development 
(Falcone and Little, 1994; Figure 4). The syncytium is the predominant 
source of both a and p subunits of hCG, but a few villous, cell column, 
and extravillous cytotrophoblast cells also appear to make these subunits 
(Hoshina et al., 1982,1983; Kurman et al., 1984; Sasagawa et al., 1987). 
Other roles for hCG may include stimulation of fetal testosterone syn- 
thesis and Leydig cell differentiation (Huhtaniemi et al., 1977; Pelliniemi 

Mother Placenta Fetus 

Endometrium 

Fat ~ resistance : 
Muscle - 

lipolysis free fatty acids 
proteolysis 
glycogenolysis 

Figure 4. The syncytium produces several factors, hCG, hPL, and CH-V, that 
regulate maternal metabolism and that may regulate fetal growth and metabolism 
as well. (Modified from D.J. Hill, 1992, with permission). 
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and Dym, 1980), placental glucose production (Cedard et al., 1970), and 
fetal dehydroepiandrosterone sulfate (DHEAS) production (Seron-Feme 
et al., 1978). 

6. HPL (Human Placental Lactogen) 

Human placental lactogen is a member of the growth hormone (GH) 
gene family, having 91-99% homology in the coding region with GH 
(Chen et al., 1989). Synctium appears to be the sole source of hPL 
(McWilliams and Boime, 1980; Tabarelli et al., 1983). HPL has major 
metabolic effects on the mother causing insulin resistance and leading 
to lipolysis with increased free fatty acids, amino acid mobilization, and 
glycogenolysis (reviewed in Hill, 1992; Jones, 1993; Falcone and Little, 
1994). The purpose of these actions is presumably to make substrate 
available to the fetus. HPL may also have direct growth-promoting 
effects on fetal cells (reviewed in Hill, 1992; Figure 4). 

C. GH-V (Growth Hormone Variant) 

The nucleotide sequence for GH predicted a new gene, GH-V (See- 
burg, 1989), and it has since been found in the syncytium of the placenta 
(Frankenne et al., 1987). During gestation, maternal GH-V levels rise 
and pituitary GH (GH-N) decreases so that GH-V constitutes nearly all 
the GH activity by term (Hennen et al., 1987). Thus, GH-V replaces 
maternal GH in regulating maternal metabolism, with similar effects to 
those of hPL on glucose and lipid metabolism (Figure 4). 

D. Pathophysiology 

Without hCG to maintain steroid production, a pregnancy fails. How- 
ever, curiously, there are no described diseases of “partial hCG’ defi- 
ciency, or abnormal structural hCG leading to miscarriages. An 
inadequate maternal luteal phase usually has been blamed for early 
miscarriages, but therapy of recurrent abortion with progesterone has not 
convincingly proven effective (Hill, 1994). HPL levels are lower in 
intrauterine growth retardation, maternal hypertension, preeclampsia, 
and threatened abortion, but there are no data to support decreased hPL 
as a primary cause of these conditions (Kelly et al., 1975; Spellacy et al., 
1974). GH-V has not been studied in any disease condition. Although 
several metabolic effects of hPL and GH-V exist (Hill, 1992), the true 
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role of hPL and GH-V is unclear, as women with gene deletions have 
normal pregnancies, placentas, and fetuses (Simon et al., 1986). Clearly, 
there are potential undiscovered abnormalities in these hormones that 
may cause disease. 

IV. IMMUNE MODULATION 

The antigenically-foreign fetus escapes rejection by the maternal im- 
mune system. The simple concept of the placenta as an immunological 
barrier is clearly false as the trophoblast is in intimate maternal contact 
where it is attached to the decidua and trophoblast cells can be found in 
the maternal circulation (Jaameri et al., 1965; Goodfellow and Taylor, 
1982). In recent years, it has become apparent that, although immu- 
nological tolerance is clearly a complex process involving both maternal 
and placental factors (reviewed in Sargent et al., 1994; Starkey, 1994), 
three key elements in the puzzle are trophoblast expression of particular 
antigens, immunosuppressive factors, and cytokines (Figure 5). 

HLA-G, a novel class of type I MHC antigen, is found only in the 
placenta, and expression of the protein occurs only in extravillous 
cytotrophoblast cells (Ellis, 1990; Kovats et al., 1990). In contrast, 
classical MHC class I and I1 antigens are expressed only in the villous 
stromal core. Although the mechanism of action in preventing fetal 
rejection is unclear, several possibilities have been proposed. HLA-G 
may inhibit natural killer (NK) cell activity (Ferry et al., 1991), because 
the NK cells (in the decidua, the large granular lymphocytes, LGL) do 
not act against cells expressing HLA-I. HLA-G may activate maternal 
suppressor cells in the decidua (Starkey et al., 1988). It has also been 
suggested HLA-G might bind to receptors of cytotoxic T cells and block 
recognition of non-MHC target structures on trophoblasts, or that, being 
non-polymorphic, HLA-G-expressing cells would not stimulate MHC- 
restricted rejection (Kovats et al., 1990). Interestingly, cytotrophoblast 
and syncytium also do not stimulate a cytotoxic T cell response (Hunt et 
al., 1984; Khalfoun et al., 1986; Sargent and Redman, 1989). The 
mechanism of this evasion of attack is unknown. 

Two other antigens expressed by trophoblast may modulate local 
action of the complement lysis system. CD46 (formerly called TLX, 
trophoblast/lymphocyte crossreactive antigen) is known to bind the C3b 
and C4b components of complement, thus blocking activation of this 
pathway (Purcell et al., 1990). CD55 (“decay accelerating factor” or 
DAF) also regulates C3 convertase enzymes and is present on tro- 
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(Immunosuppression) J” Cytokines : 11-1, IL-2, 11-6 
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IFNo: IFNy 
CSF-1 

Cytokine functions: 
- regulation of T cell and macrophage 11-1 ,11-6, M-CSF, 

- activation of T cells 
- stimulation of LGL and macrophage cytotoxicity 
- modulation of trophoblast proliferation, 
differentiation, and peptlde hormone secretion 

GM-CSF production 

figure 5. The trophoblast may modulate maternal immune function to prevent 
rejection of the fetal allograft by several mechanisms. Extravillous cytotrophoblast 
expresses HLA-G, which may induce tolerance in maternal large granular lympho- 
cytes (LGL) with NK activity or induce other favorable immune responses. 
Syncytium also expresses CD46 and CD55, which may serve to inactivate any 
cornplement-mediated lysis directed at the trophoblast. Trophoblast, LGLs, and 
decidual cells all secrete TGFP, which appears to have immunosuppressant 
activity. PCE, originates from trophoblast, decidua, and amnion and is  long known 
to be immunosuppressant. The syncytial factors l F N a  and pregnancy specific fi 
glycoprotein (PSPC) also inhibit T cell function. Many trophoblast-derived cyto- 
kines have pleiotropic functions, some of which promote maternal immunosup- 
pression. 
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phoblast (Hunt and Hsi, 1990). These would further inhibit maternal 
immune action against the placenta. 

The second manner in which the trophoblast appears to inhibit the 
maternal immune response is by the secretion of soluble immunosup- 
pressants. Both decidual cells (presumably the large granular lympho- 
cytes) and syncytium secrete a substance closely-related to, or identical 
with, TGFp2 which has been identified as at least one of the immuno- 
suppressant factors (Altman et al., 1990; Clark et al., 1990; Starkey, 
1994; Lea et al., 1990, 1992). It has long been recognized that pro- 
staglandin E2 (PGE,) in vitvo is a potent immunosuppressant (Goldyne 
and Stobo, 1981; Weir et al., 1991). PGE, is produced by trophoblast, 
amnion, and decidua (see Section VI). As well, two syncytium-derived 
products, interferon a (IFNa) and pregnancy-specific p glycoprotein 
(SPl), have immunosuppressant activity (Harris et al., 1984; Bulmer et 
al., 1990; Lea and Clark, 1991). 

The trophoblast also produces many cytokines including interleukins 
(IL-1, IL-2, IL-6), colony stimulating factor 1 (CSF-1; Daiter et 
a1.,1992), and interferons (IFNa, IFNy; Starkey, 1994). The possible 
relationships with the maternal immune system are exceedingly com- 
plex, involving non-immune effects of the cytokines and are beyond the 
scope of this article (reviewed in Starkey, 1994; Wegmann et al., 1993). 
The interactions are made more complex by the production of many of 
these cytokines and their receptors by decidual cells and placental villus 
macrophages as well as trophoblast, indicating paracrine and autocrine 
control loops. Possible functions of these cytokines include regulation 
of other cytokine production (IL-I, IL-6, M-CSF, GM-CSF), activation 
of T cells, modulation of trophoblast proliferation, differentiation, and 
peptide hormone production (Garcia-Lloret et al., 1994) and stimulation 
of LGL and macrophage cytotoxicity (reviewed in Starkey, 1994). The 
precise interaction and balancing of competing influences of these 
cytokines is unclear but serves to demonstrate the potent and active role 
of the trophoblast. 

A. Pathophysiology 

No data currently exist demonstrating abnormalities in HLA-G, 
CD46, or CD55 expression, IFNa, PGE, or TGFP2 in any human disease 
state. There are also no reports of abnormal serum cytokine levels in 
IUGR or preeclampsia. However, mitogen-stimulated IFNy production 
from monocytes is lower in neonates with IUGR or preterm delivery 
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(Saito et al., 1992). The involvement of the immune system in recurrent 
abortion remains an intriguing and controversial topic (reviewed in Hill, 
1994). Clearly, abnormalities in any component of this system may lead 
to a miscarriage. Several studies show abnormal cytokine production in 
preterm labor and these will be discussed subsequently. Abnormal cy- 
toregulation deserves further study as an etiological factor in IUGR and 
preeclampsia. 

V. REGULATION OF ANGIOGENESIS AND 
BLOOD FLOW 

A. Angiogenesis 

Since the trophoblast is the first differentiated cell type to form in the 
blastocyst, it has the potential ofbeing able to regulate formation of other 
cells and structures. Recent data suggests that regulation of angiogenesis 
may be one such function. Stimulators of angiogenesis include acidic 
FGF (aFGF; FGF- 1 ), bFGF (FGF-2), platelet-derived endothelial cell 
growth factor (PDECGF), vascular endothelial growth factor (VEGF), 
angiogenin, endothelin 1 (ET- l), and others. Inhibitors of angiogenesis 
include thrombospondin, angiostatin, and other less well-defined mole- 
cules (Follunan, 1995), but there are no reports of any of these being 
found in the placenta. Basic FGF, one of a seven-member FGF peptide 
family (Baird, 1993), was originally purified from the placenta (Gospo- 
darowicz et al., 1985) and has been localized by immunoperoxidase 
staining principally to the syncytium (Cattini et al., 1991). The FGFs are 
generally the most potent angiogenic substances known. This multifunc- 
tional growth, factor may also have the unexpected effect of stimulating 
hCG secretion (Oberauer et al., 1988). ET-1, a potent vasoconstrictor 
(discussed firther following) is also mitogenic to smooth muscle cells 
and vessel fibroblasts (Bonin et al., 1993). EGF and bFGF increased the 
number of ET-1 binding sites and were thus synergistic for mitogenesis 
in these studies. 

PDECGF and VEGF appear to have unique placental isoforms (Usuki 
et al., 1990). Jackson et al. (1994) have studied distribution of these two 
factors in placenta. PDECGF was found in the syncytium, villus stroma, 
and endothelium in first trimester placentas, but staining intensity in the 
trophoblast declined during gestation. VEGF, in contrast, was almost 
exclusively found in the trophoblast, being predominantly in the cytot- 
rophoblast in the first trimester, and in the syncytium later in gestation. 
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Similarly, VEGF is localized to epithelial cells and myocytes but not to 
endothelium in a variety of fetal tissues, suggesting a general paracrine 
regulation of angiogenesis (Shifren et a]., 1994). Data in rats show a 
dominant trophoblast localization of VEGF in early embryos, with other 
tissues becoming significant production sites only later in gestation 
(Jakeman et al., 1993). Together, these results support the concept that 
the trophoblast is dominant in the generation of the placental and 
probably the fetal vasculature (Figure 6). 

B. Blood Flow 

Since the placenta lacks innervation (Spivack, 1943; Walker and 
MacLean, 197 l), humoral factors must regulate vascular resistance. A 
very large number of factors have been studied and, along with concepts 
of their action, have been excellently reviewed (Boura and Walters, 199 1 ; 
Myatt, 1992; Walters, 1992). Factors causing constriction are oxygen, 
endothelins 1 and 3 (ET- 1, ET-3), angiotensin 11, kinins, catecholamines, 
leukotrienes (LTC,, LTD,), thromboxane A,, 5-hydroxytryptamine (5- 
HT), neuropeptide Y (NPY), and arginine vasopressin (AVP). Vasodila- 
tors include nitric oxide, prostacylin (PGI,), caicitonin gene-related 
peptide (CGRP), histamine, substance P, vasoactive intestinal peptide 
(VIP), and atrial natriuretic peptide (ANP; Myatt, 1992). Another poten- 
tial vasodilator is bFGF (Cuevas et al., 1991). A newly discovered 
vasodilator, adrenomedullin, also is present in placenta (Kitamura et al., 
1993a, 1993b; Morrish et al., unpublished data; Figure 5 ) .  There are no 
reports demonstrating trophoblast production of catecholamines, AVP, 
VIP, CGRP, substance P, or ANP (although, interestingly, ANP mRNA is 
present in human umbilical vessels; Cai et al., 1993). 

However, several potent factors are synthesized by the trophoblast 
including ET-1, prostaglandins, NPY, nitric oxide, bFGF, and ad- 
renomedullin. bFGF has been alluded to earlier. Adenosine and other 
purines are ubiquitous cellular products that produce vasodilation in the 
placenta (Read et al., 1993). One report demonstrates release of angioten- 
sin I1 by in vitro cultured cytotrophoblast cells (Cervar et al., 1994). Of 
the three endothelins, only ET- 1 appears to be made by trophoblast and 
ET- 1 is found predominantly in syncytiotrophoblast, with lesser amounts 
in vascular endothelium, decidua, and extravillous cytotrophoblast 
(Malassine et al., 1993). ET-1 binds to both ETA and ET, endothelin 
receptors, which are localized by autoradiography not only to the pla- 
cental vasculature but also to decidual cells and some extravillous 
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ANGIOGENESIS 
Blastocyst Placenta 

Placental 
vessels VEGF 

(1st. trl.) 

REGULATION OF VASCULAR TONE 

Figure 6. The trophoblast secretes soluble factors involved in regulation of 
angiogenesis (bFGF, VEGF, PDECCF; upper panel, see the text for the full  names). 
VEGF is secreted by trophectoderm in pre-implantation blastocyst and may induce 
early vascular formation. Regulation of vascular tone (lower panel) includes both 
constrictor substances (left side of figure) and dilatory substances (right side). 
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cytotrophoblast cells (Rutherford et al., 1993), suggesting additional 
non-vasoactive paracrine fiinctions. Another potent vasodilator is nitric 
oxide. The calcium-dependent isoform of nitric oxide synthase is present 
only in endothelium and syncytium in the terminal villi (Myatt et al., 
1993a, 1993b; Buttery et al., 1994). Nitric oxide infused into placental 
lobules causes significant vasodilation (Myatt et al., 1991). It also 
appears to contribute to maintenance of basal vascular tone and to 
attenuate the actions of vasoconstrictors in this circulation (Myatt et al., 
1992). A recently-recognized vasodilator is corticotropin releasing hor- 
mone (CRH). CRH has been localized to both syncytium and cytotro- 
phoblast (Petraglia et al., 1987; Riley et al., 199 1). Infusion into placental 
lobules produces vasodilation 53 times more potent than PGI, (Clifton 
et al., 1994). 

Eicosanoid production by the placenta has been intensely studied due 
to its profound effect on vascular tone and uterine contractility. Ei- 
cosanoids are produced from arachidonic acid by three main pathways: 
the cyclooxygenase pathway producing prostaglandins, prostacyclin, 
and thromboxanes; the lipoxygenase pathway producing HPETEs, 
HETEs, leukotrienes (LTs), and lipoxins; and the epoxygenase pathway 
producing lipoxides (Edwin and Mitchell, 1993). The perfixed intact 
placenta produces massive amounts of these substances, but it has been 
difficult to determine exactly which cell types in the placenta are the 
sources (Myatt, 1990; Olson et al., 1993). Cyclooxygenase (pro- 
staglandin endoperoxidase H synthase, PGHS) is present in villous and 
chorionic cytotrophoblast and villus syncytiotrophoblast (Olson et al., 
1993). Placental explants produce 6-keto-PGF2,, TXB,, PGD,, PGE,, 
15-keto-PGE2, and other PGE, metabolites (Harper et al., 1983; Siler- 
Khodr and Forman, 1993). Collagenase-dispersed trophoblast cells in 
monolayer culture produced PGE,, PGF,, PGF metabolites, and 6-keto- 
PGF,, (Olson et al., 1983). Dispase-dispersed trophoblast cells produced 
mainly diHETEs, LTB,, monoHETEs, and lesser amounts of PGE,, 
PGD,, epoxide, and thromboxane B, (Rose et al., 1987). Collagenase- 
DNAse dispersed cells produce PGF,, (Pasmanik et al., 199 1). However, 
in none of these three studies was the percentage of trophoblast cells 
characterized by recognized immunological markers (as used by Yui et 
a!., 1994). Highly purified cytotrophoblast cells in a characterized tro- 
phoblast culture system produce thromboxane B, and metabolites of 
thromboxane A,, LTB,, and PGI, metabolites (Cervar et al., 1994). 
Overall, there is a predominance of lipoxygenase over cyclooxygenase 
metabolites. Therefore, it appears likely that the trophoblast is a major 
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source of eicosanoids. Interestingly, the most abundant metabolites have 
immune and inflammation-related activities rather than vascular effects. 
However, given the huge placental mass, even the production of a small 
quantity per cell of a particular eicosanoid implies potentially very 
significant vascular regulatory effects. 

Neuropeptide Y has been localized to the cytotrophoblast (Petraglia 
et al., 1989) and can cause vasoconstriction. No other studies have been 
performed with this compound. A recent discovery is the cloning of 
adrenomedull in, a chromafin-derived peptide with potent vasodilatory 
effects (Kitamura et al., 1993a, 1993b). We have recently cloned the 
human homologue from a placental library and shown that it is present 
in cytotrophoblast, increasing as syncytial formation occurs (Monish et 
al., unpublished data; Figure 3) .  Future research on this new peptide will 
elucidate its place among the many other autacoids regulating blood 
flow. 

C. Pathophysiology 

The prime vascular disorder of pregnancy is pregnancy-induced hy- 
pertension or preeclampsia. Abnormal autacoid production has been 
implicated in this disease. There is evidence for reduced placental 
prostacyclin synthesis and increased HETE synthesis, leading to hyper- 
tension (reviewed in Myatt, 1990; Edwin and Mitchell, 1993). Abnormal 
arachidonic acid metabolism may also be implicated in intrauterine 
growth retardation (Myatt, 1990). Maternal ET- 1 and CRH levels are 
increased in preeclampsia (Laaitkainen et al., 199 1 ; Bobik et al., 1990; 
McMahon et al., 1993). Nitric oxide synthase activity is reduced in 
preeclampsia (Brennecke et al., 1994). No studies have been conducted 
yet on the other vasoactive substances mentioned, but abnormalities in 
preeclampsia may well be found. In all these studies, it has yet to be 
proven if the abnormality is primary or secondary. 

VI. PARTURITION 

This topic has been reviewed in this volume and elsewhere (Myatt, 1990; 
Keirse, 1990; Casey and MacDonald, 1993; Olson et al., 1993, 1995; 
Edwin and Mitchell, 1993). In this chapter, we will focus on the question, 
what is the potential role of the trophoblast in this process? The answer 
lies in specifying which trophoblast-produced products stimulate 
myometrial contractility and labor. Trophoblast products perhaps of 
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lesser significance appear to be estrogen or progesterone (Olson et al., 
1995), although they may have an indirect effect. Oxytocin, a possible 
regulator, is not made in the human trophoblast (Chibbar et al., 1993). 
However, potential factors include eicosanoids, CRH, endothelin, and 
cytokines (Figure 7). 

The eicosanoids are considered the principal final pathway for stimu- 
lating endometrial contractility. Current theories favor the decidua or 
amnion as the major originators of these signals, largely because of the 
apparent lesser production of cyclooxygenase products from the tro- 
phoblast compared to the decidua or amnion (Myatt, 1990; Olson et al., 
1995). However, as noted above, the trophoblast as a whole produces 
large amounts of prostaglandins. Cyclooxygenase products, particularly 
PGE, and PGF,,, are the main stimulators of uterine contractility, 
whereas PGI, is a relaxant. As noted above, trophoblast probably makes 
these compounds. Thus, there is evidence for significant contribution to 
regulation of uterine contractility from trophoblast-derived prostaglandins. 

Considerable work has been directed at trying to demonstrate a role 
for corticosteroids in parturition (Margioris, 1993). Because administra- 
tion of even large doses of dexamethasone to pregnant women does not 
trigger labor, attention has focussed on other actions of the CRH-POMC 
(pro-opimelanocortin) system in humans. As noted earlier, CRH is made 
in the trophoblast. CRH may stimulate the fetal adrenal to make cortisol, 
which induces 17a-hydroxylase, thus promoting estrogen synthesis. The 
estrogen promotes myometrial gap junction formation (Garfield et al., 
1979) and oxytocin receptor expression (Soloff, 1975), and oxytocin 
gene expression in the chorio-decidua (Chibbar et al., 1995). CRH 
induces PGE, and PGF,, synthesis (Jones and Challis, 1990a, 199Ob) 
and CRH may sensitize the myometrium to the contractile effects of 
oxytocin (Quarter0 and Fry, 1989). Prostaglandins may participate in a 
positive feedback loop by increasing CRH secretion (Petraglia et al., 
1987). CRH will also increase syncytiotrophoblast and maternal ACTH 
secretion, leading to the mild hypercortisolism found late in pregnancy, 
which may contribute to estrogen synthesis. 

Endothelin (ET-1) has complex actions which may have a role in 
parturition. It induces myometrial, but inhibits amnion and PGE, pro- 
duction (Mitchell, 1991) and can induce rhythmic contractions in rat 
myometrium (Kozuka et al., 1989; King, 1993). It also potently increases 
myosin light chain phosphorylation in myometrial smooth muscle cells 
(Word et al., 1990). 
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Cytokines are likely important in parturition by influencing other 
processes such as prostaglandin production. For example, chorion, am- 
nion, and decidual PGE, production are induced by the trophoblast- 
produced cytokines IL-1 and TNFa (reviewed in Mitchell et al., 1990, 
1993; Chen et al., 1991; Romero et al., 1989). Interestingly, in mice, 
PGE, inhibits production of TH, but not TH, cytokines (Betz and Fox, 
199 1). These data are consistent with the theory that TH, cytokines favor 
a successful pregnancy (Wegmann et al., 1993). 

In sunmary, current data support the view that a variety of hormonal 
influences interact to induce labor through the final common mediator 
of the prostaglandins. The trophoblast is a major producer of many of 
these substances and thus must play a significant role in parturition. 

Endometrium 

A' 

Figure 7. Parturition i s  a highly complex and regulated process. This figure shows 
only those substances made by trophoblast that may interact to regulate uterine 
contractility. 
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A. Pathophysiology 

The cause of preterm labor is a poorly-understood entity. Clearly, any 
of the factors discussed could induce early labor. One current hypothesis 
potentially accounting for up to 30% of preterm labor is that infection 
induces IL- 1 and TNFa, which in turn increase prostaglandin production 
(Radetsky, 1994; Gibbs et al., 1992). There are no reports of a primary 
abnormality in any of the factors discussed that can be shown to cause 
preterm labor. 

There is one report of elevated CRH in preeclampsia (Laatikainen et 
al., 1991), but it is unclear how this can be reconciled with a vasodilator 
effect of CRH. Again, these data describe only an association. 

VI. CONCLUSION 

In this review, we have asked the question, what evidence is there to 
support a dominant role of the trophoblast in the physiology and diseases 
of pregnancy? It is evident that implantation, metabolic regulation, and 
immune modulation are dominated by the trophoblast. There is accumu- 
lating evidence for the trophoblast having a stronger role in angiogenesis 
and vasomotor tone. Although current theories of parturition favor 
non-trophoblastic tissues, this attitude may change given the increas- 
ingly-recognized role of cytokines, and a careful reconsideration of 
trophoblast-produced factors. Interestingly, there has yet to be found a 
definitive primary abnormality of a trophoblast-produced factor or hnc-  
tion that results in any disease. As our understanding of normal physiol- 
ogy broadens, it seems likely that such disease relations will be 
described, considering the lack of successhl theories and treatments 
existing at this time. 
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and the placenta. Progesterone and estrogens, produced by the feto-pla- 
cental unit, promote and hinder, 'respectively, the maintenance of the 
pregnancy. In several species including the sheep, the maturation of the 
fetal hypothalamo-pituitary-adrenal axis at term results in elevated fetal 
cortisol level that causes an increase in the ratio of estrogens to progester- 
one in the maternal circulation, initiating parturition. Local and diurnal, 
but not systemic and sustained, increases of the estr0gen:progesterone 
ratio may have a similar function in primates including women. Pro- 
staglandins, synthesized in the gestational tissues may facilitate 
myometrial activity, cervical maturation, and membrane rupture and thus 
be of crucial importance as paracrine factors effecting labor onset. Locally 
produced as well as pituitary oxytocin is a powerful stimulant of 
myometrial contractions in late pregnancy. Proinflammatory cytokines 
are likely responsible for early labor in the setting of intrauterine infection. 
An elevated TH2:TH 1 cytokine ratio is part of the mechanism responsible 
for the immune tolerance of the fetal allograft by the mother. The tro- 
phoblast produces a diversity of hormonal peptides and proteins, such as 
hCG, CRH, GnRH, ACTH, and chorionic somatomammotropin, the 
function of which is unclear at late gestation. Endothelin, relaxin, pro- 
lactin, catecholamines, and growth factors are also present in the late 
pregnant uterus, but their roles in labor onset remain to be established. 

1. INTRODUCTION 

Endocrine systems in pregnancy can be considered to have two distinct 
functions: (a) homeostatic regulation to ensure that the nutritional and 
oxygen supply to the developing conceptus is sufficient to support 
optimal growth and development; and (b) maintenance of the pregnant 
uterus in a state of relative quiescence throughout pregnancy to allow 
fetal development and maturation and then to cause birth at  the time 
optimal for extrauterine existence of the newborn. This chapter will deal 
predominantly with the latter functio+the maintenance of pregnancy 
and regulation of the timing of parturition. Disorders of these physiologic 
mechanisms constitute the major problem in modern obstetrics. Al- 
though there is increasing understanding of these mechanisms in some 
animal species, it is becoming clear that there are many differences 
between these species and humans. Where possible, we shall provide 
information from human experimentation. However, there remain many 
gaps in our understanding of the regulation of human parturition. What 
is becoming clearer is that many important processes are not occurring 
in a classic endocrine fashion but rather as parucrine events where 
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products from one cell or tissue type are secreted to influence activity in 
adjacent cells or tissues. Such'processes may not be reflected in circu- 
lating blood and are therefore very difficult to study. 

Potentially important components of intrauterine paracrine systems 
include the human fetal membranes-the amnion and the chouion. 
Human implantation occurs as an interstitial process. The fetus and 
amniotic fluid are contained within the amnionic membrane. This mem- 
brane is composed of a single layer of cuboidal epithelial cells with an 
underlying stroma of very tough collagenous tissue and a few fibroblasts. 
Human amnion produces large quantities of prostaglandins that gener- 
ally are thought to play some role in parturition (Challis and Olson, 
1988). As the conceptus grows, the amniotic cavity expands and takes 
with it the overlying layer of trophoblast tissue which becomes the 
chorionic membrane. This membrane is several cell layers thick and as 
it stretches around the expanding conceptus, it becomes avascular. The 
cytotrophoblast cells of this membrane are fiinctionally distinct from the 
placental cytotrophoblasts. The membrane also contains cells of me- 
senchymal origin which have not been well characterized. Human cho- 
rion may be involved in production of several paracrine factors, 
particularly steroids but also prostaglandins and peptides. However, it 
may be more important as a site of metabolism of hormones, particularly 
steroids and prostaglandins. 

The endometrium of human pregnancy is termed dccidua. This is a 
complex tissue situated at the interface of the fetal-maternal communi- 
cation system. It is composed of modified glandular and stromal cells of 
the endometrium as well as abundant vascular tissue. At term, almost 
one-half of the decidua is composed of bone marrow-derived cells 
including macrophages, lymphocytes, and neutrophils. These cells, usu- 
ally associated with the immune system, produce several cytokznes that 
may be important in mechanisms regulating myometrial contractility. 
The decidua also produces a host of other hormones, including proteins, 
steroids, and prostaglandins, that may influence the timing of labor onset. 

Human parturition can be considered as a sequence of five distinct but 
likely interrelated events (Figure 1). 

(A) The activation phase where the uterus is prepared to give maxi- 
mal response to a stimulant. This phase includes such processes 
as synthesis of oxytocin receptors and assembly of myometrial 
gap junctions. It may occur over several days prior to labor onset. 
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figure 1. Parturition involves a number of discrete events that occur in an orderly 
sequence. Pregnancy complications occur when this sequence is delayed or 
prematurely activated. 

(B) Ripening of the cervix where the collagen matrix of the cervix is 
broken down and the water content increased. This renders the 
cervix soft and pliable and therefore easily effaced and dilated. 

(C) Rupture ofthe membranes usually occurs prior to delivery and 
often heralds the onset of labor. The mechanisms regulating 
degradation of the amnio-chorionic membrane are not well un- 
derstood. 

(D) The stimulation phase characterized by short, frequent high 
amplitude contractions causing delivery of the fetus. It is not clear 
whether this phase is caused by a discrete stimulant(s) or whether 
it represents escape from the mechanisms maintaining uterine 
quiescence prior to labor onset. 

(E) The involution phase where the uterine changes regress and the 
uterus returns to its non-pregnant state. 

A large number of hormones likely play important roles in these 
processes. The major components of these hormonal regulatory systems 
will be discussed in this chapter. 

I I .  STEROIDS 

In almost all species, parturition is accompanied by a decline in the 
production and maternal plasma concentrations ofprogesterone. In most, 
there is a concomitant rise in estrogen. In sheep, the most extensively 
studied animal model of parturition, estrogen, and progesterone are 
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produced by the placenta. The key event triggering parturition is matu- 
ration of the fetal hypothalamo-pituitary-adrenal axis. The resultant 
increase in fetal cortisol secretion induces transcription of the 17-hy- 
droxylase/l7,20 desmolase gene in the placenta. The increasing activity 
of this enzyme causes metabolism of progesterone leading to a decrease 
in maternal plasma concentrations. The progesterone metabolites are 
estrogen precursors which are subsequently converted in the placenta to 
estrogen. The increasing estrogedprogesterone ratio leads to several 
events including synthesis of gap junctions which couple myometrial 
cells electrically and metabolically, enabling powerful, coordinated con- 
tractions. The changing steroid milieu also stimulates production of 
oxytocin receptors and stimulatory prostaglandins. Thus, the changes in 
estrogen and progesterone are likely to be responsible for both activation 
and stimulation of the uterus culminating in the onset of labor in the sheep 
(Figure 2). The presence of defects causing failure of the fetal hypotha- 
Iamo-pituitary-adrenal axis, or administration of exogenous progester- 
one to the ewe will postpone labor onset indefinitely. 

fetal hypothalamo-pituitary-adrenal axis activation 

fetal adrenal cortisol secretion 

placental 17-hydroxylase/l7,20-desrnolase activity 

progesterone E l  estrogen 

increasing estrogen/progesterone ratio 

myomemal events leading to parturition 

Figure 2. The sequence of endocrine events leading to parturition in the sheep. 
Maturation of the fetal hypothalamc-pituitary-adrenal axis causes an increase in 
fetal cortisol which induces synthesis of placental enzymes that result in metabo- 
lism of progesterone through to estrogens. The increasing estrogen/progesterone 
ratio leads to changes in the pregnant uterus that culminate in labor. 
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Estrogen production in human pregnancy involves an interaction 
between the fetus and placenta-the feto-placental unit (Figure 3). 
Pregnenolone is synthesized predominantly in the fetal adrenal from 
LDL-cholesterol in the fetal circulation. The pregnenolone is converted 
in the fetal adrenal gland to the androgenic estrogen precursor dehy- 
droepiandrosterone sulfate (DHAS). An hydroxyl moiety is attached by 
fetal hepatic 16-hydoxylase and the resultant 160H-DHAS is converted 
to the estrogen estriol in the placenta. Estriol is secreted predominantly 
into the maternal circulation where it is extensively conjugated to sul- 
fates and glucuronides. This conjugation prolongs its half-life such that 
estriol accounts for approximately 90% of total circulating estrogens in 
human pregnancy. Its physiologic role is unknown. Estriol has less 
biological activity and the concentration of the unconjugated form is less 
than the major non-pregnancy estrogen, estradiol. The high estrogen 
levels may be important in maintaining uterine blood flow. Maternal 
serum or urinary estrogen levels formerly were measured as an index of 

FETUS PLACENTA 

LDL-cholesterol 

. . . . . . .  

Figure 3. Estrogen synthesis in the human feto-placental 

MOTHER 
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unit. Pregnenolone 
derived largely from fetal LDL-cholesterol is  converted to dehydroepiandrosterone 
sulfate (DHAS) in the fetal adrenal. DHAS is converted in the placenta to estrone 
or estradiol or i s  16-hydroxylated in the fetal liver for subsequent conversion in the 
placenta to estriol. 
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feto-placental finction. This has largely been abandoned because of the 
high degree of variability, both within and between patients, and the 
resultant insensitivity and non-specificity in distinguishing normal from 
abnormal. 

Estrone and estradiol also are synthesized in large quantities in human 
pregnancy. The androgenic precursors for these estrogens are derived in 
approximately equal amounts from both the fetal and maternal adrenal 
glands. Unlike estriol, they do not require the 16-hydroxylation step 
which is predominantly found in the fetal liver. Thus, their production 
rates do not reflect function of the feto-placental unit to the extent that 
production of estriol does. 

As in the sheep, progesterone production in late pregnancy occurs in 
the placenta using maternal cholesterol as substrate. As with estrogen, 
production rates are much higher than in animal models. In early preg- 
nancy, progesterone is predominantly produced in the corpus luteum of 
the ovary and removal of the corpus luteum before six weeks menstrual 
age will result in abortion. However, exogenous progesterone will not 
delay parturition at term. Progesterone receptor blockers will increase 
human myometrial contractility. There is an uneasy consensus based on 
precious little human experimental evidence that, as in animal models, 
progesterone is likely to be important in maintaining uterine quiescence 
during human pregnancy. 

In contrast to the ewe, the role of estrogen and progesterone in human 
parturition is controversial. Maternal plasma levels of estrogen and 
progesterone do not change significantly prior to parturition (Figure 4). 
However, it is well documented that there are significant diurnal vari- 
ations in the concentrations of estrogen and progesterone in maternal 
plasma causing significant changes in the estrogen/progesterone ratio. 
This may correlate with the well described nocturnal peak in myometrial 
activity observed in the few days preceding human labor. Furthermore, 
the hypothesis has been proposed that the basic physiologic mechanisms 
regulating parturition in humans are similar to those in sheep. According 
to this hypothesis, the change in the estrogedprogesterone ratio in the 
human occurs within an intrauterine paracrine system involving the fetal 
membranes and decidua (Mitchell and Challis, 1988). Such a hypothesis 
is appealing because the critical changes would occur in the tissues that 
are in most intimate contact with the myometrium and ideally situated 
to transmit information between the mother and fetus. Human fetal 
membranes and decidua produce estrogen and progesterone and several 
changes in enzyme activity that could cause an increase in the local 
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Figure 4. Maternal plasma concentrations of progesterone and unconjugated 
estrone (El ), estradiol (E2), and estriol (E3) through gestation showing no significant 
changes atthe timeof parturition. (Modifiedfrom thedataofTulchinskyet al. (1  972) 
with permission.) 

estrogedprogesterone ratio occur around the time of parturition. How- 
ever, a great deal of work remains to prove this hypothesis. Because of 
the ethical considerations in human experimentation, it may prove a very 
difficult task to achieve a clear understanding of the role of the sex 
steroids in human parturition. 

As in the sheep, glucocorticoids are important in human fetal matura- 
tion, particularly in the production ofpulmonary surfactant and biophysi- 
cal maturation of the fetal lung. However, fetal cortisol does not appear 
to play an important role in the regulation of parturition. Administration 
of high doses of glucocorticoids to accelerate fetal lung maturation in 
women with threatened preterm delivery does not increase the incidence 
of pretem birth. Fetal anomalies that result in fetal adrenal agenesis do 
not cause indefinite prolongation of pregnancy as in the sheep. Unlike 
the sheep, the human placenta freely transports cortisol in either direc- 
tion. Indeed, the diurnal rhythms in maternal estriol concentrations 
probably reflect the influence of the maternal adrenal rhythm in cortisol 
transported across the placenta to cause a reverse rhythm in fetal adrenal 
estrogen precursor production. Maternal total and free cortisol levels are 
increased in pregnancy perhaps because its metabolic effects help to 
ensure adequate nutritional supply to the fetus. 
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I I I. CONADOTROPHI NS 

The human placenta produces large quantities of human chorionic go- 
nadotrophin (hCG). This glycoprotein hormone has biologic similarity 
to luteinizing hormone (LH) from which it differs biochemically by 
having a slightly longer P-subunit. It also is slightly more glycosylated, 
giving it a longer metabolic half-life and greater biologic activity than 
LH. The major role for hCG appears to be the rescue ofthe corpus luteurn. 
Under maternal pituitary gonadotrophin control, the corpus luteum spon- 
taneously regresses after a life of approximately 14 days. At this time, 
placental hCG takes over support of the corpus lutem to ensure continued 
progesterone production and pregnancy survival. Maternal plasma con- 
centrations of hCG peak at approximately 10 weeks of gestation but 
significant quantities of hCG remain in the maternal circulation through- 
out gestation. Interestingly, a placental form of LH releasing hormone 
termed human chorionic gonadotrophin releasing hormone (hCGnRH) 
has been documented. It is unclear what role this hormone or other 
regulatory factors have in controlling hCG synthesis or release. There is 
no good evidence to support a significant role for hCG in steroid 
production in late pregnancy nor in the mechanism of parturition. 

The placenta also produces large quantities of placental lactogen or 
human chorionic somatomammotrophin (hCS). Although in some spe- 
cies this hormone demonstrates gonadotrophic activity, there is no evi- 
dence that this is a significant function in human pregnancy. 

IV. OXYTOCIN 

Oxytocin has been used pharmacologically since the early twentieth 
century to stimulate uterine contractions in pregnant women. This 
nonapeptide is synthesized in the paraventricular and supraoptic nuclei 
of the hypothalamus. It is transported down axons bound to its carrier 
protein neurophysin I and stored in the posterior pituitary. Prior to 
secretion, it is cleaved from neurophysin I, then released into the mater- 
nal circulation as the active molecule. It has very specific and potent 
stimulatory activity on myometrial cells which contain specific recep- 
tors. These receptors increase in number in both the myometrium and 
decidua prior to human labor. Despite its obvious suitability as a physi- 
ologic regulator of human parturition, most investigators have discarded 
the notion that oxytocin has a key role in determining the time of human 
labor onset. These conclusions have been based on several pieces of 
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scientific evidence. Several investigators have been unable to detect an 
increase in maternal plasma oxytocin concentrations until labor is well 
established. Even then, maximal uterine activity occurs when plasma 
levels are two or three orders of magnitude lower than the K, of the 
myometrial oxytocin receptor. Additionally, human pregnancy plasma 
contains a very active cysteine aminopeptidase, termed oxjtocinase, that 
rapidly metabolizes circulating oxytocin. Furthermore, women with 
posterior pituitary dysfunction usually begin labor at the normal time. 
Although the fetus synthesizes oxytocin, there appears to be no way that 
it can escape placental metabolism to reach the myometrium intact. All 
of these findings suggest it is unlikely for pituitary oxytocin from either 
mother or fetus to be the key trigger to the stimulation phase of labor. 

However, a recent finding could rationalize a role for oxytocin in 
human labor (see Hirst et al., 1993). Synthesis of mRNA for oxytocin 
was demonstrated in maternal decidua as well as in amnion and chorion 
in lesser amounts. The levels of decidual oxytocin mRNA increased 
significantly around the time of labor. These findings were confirmed in 
the rat. This supports the hypothesis that oxytocin also could be involved 
in the paracrine network within fetal membranes and that this network 
could regulate the timing of the onset of human labor. In addition, 
sensitive radioimmunoassays have been used to measure small but 
significant increases in maternal plasma oxytocin levels associated with 
the nocturnal uterine activity that precedes labor. Oxytocin antagonists 
have been synthesized and these will block the nocturnal uterine con- 
tractions in subhuman primates. These new data suggest that oxytocin 
may indeed play a significant role in the initiation of human parturition 
by participation in an intrauterine paracrine network. 

V. CORTICOTROPIN RELEASING HORMONE (CRH) 

The placenta and the other gestational tissues produce a variety of 
hypophysiotropic hormones such as thyrotropin, gonadotropin, and 
growth hormone-releasing hormones, somatostatin, and CRH (Waddel, 
1993). Placental CRH has perhaps been the most extensively studied 
neuropeptide synthesized by the gestational tissues. Due to increasing 
placental production, the concentration of CRH in the maternal and fetal 
circulation rises markedly (>25-fold) during the last one-third of gesta- 
tion, and increases further at labor. Preterm labor is often associated with 
an earlier rise in plasma CRH levels. Since the activation of the fetal 
hypothalamo-pituitary-adrenal axis has a well established role in the 
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initiation of parturition in several non-primate species (see other chapters 
in this volume), it was suggested that an analogous “hormonal axis” 
might be operating in the primate placenta and contribute to changes in 
hormone levels eventually leading to the onset of labor (Challis and 
Hooper, 1989). Indeed, CRH has been shown to stimulate the production 
of ACTH by the trophoblastic tissue, and the placenta appears to provide 
trophic support for the maternal as well as the fetal adrenal. In vitro 
studies have indicated that placental CRH production is stimulated by 
glucocorticoids, implying that a feed-forward cascade exists in the 
mother and the fetus, which may be responsible for the increases of 
plasma CRH, ACTH, and cortisol levels as gestation advances. The 
significance of this putative positive feedback loop in the establishment, 
maintenance, or termination of primate pregnancy is unclear. CRH was 
reported to have a direct stimulating action on the myometrium, and was 
found to enhance the prostaglandin production of gestational tissues in 
vitro. Although these actions might provide a basis to postulate a major 
role for placental CRH, ACTH, or cortisol in primate parturition, defini- 
tive proof for such a function in vivo has yet to be provided. Even more 
work is needed to establish the significance of the other hypophysiotropic 
factors produced by the placenta. 

VI. PROSTAG LAND1 NS 

Prostaglandins are a group of locally acting regulatory factors derived 
from arachidonic acid, a polyunsaturated fatty acid containing 20 carbon 
atoms. Arachidonic acid is an essential component of the phospholipids, 
which are building blocks of membrane structures in the cells; therefore 
it is present in every cell of the body. The normal metabolic turnover of 
the phospholipids involves the continuous release and reincorporation of 
the fatty acid components. This results in a small amount of free arachi- 
donate being present in the cell all the time. However, not all the released 
arachidonate is incorporated back into lipids; a portion of it is acted upon 
by various enzymes. One such enzyme is cyclooxygenase, which at- 
taches oxygen molecules to the fatty acid at specific positions. The 
resulting oxygenated derivatives are hrther modified by other enzymes 
in cascade-like sequences of reactions, giving rise to a host of products 
termed prostaglandins and thromboxanes, many of which have strong 
biological effects. Figure 5 shows the cascade leading to the formation 
of prostaglandins and thromboxanes. Some of the biologically active 
members of the group, such as prostacyclin and thromboxane A, are 
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Figure 5. The conversion of arachidonic acid to prostaglandins and thrombox- 
anes. Arachidonic acid is oxygenated to the prostaglandin endoperoxides pro- 
staglandin G, (PGG,) and prostaglandin H, (PGH,) in sequential reactions by the 
enzyme cyclooxygenase (1 ). PGH, is metabolized further to prostaglandin D, 
(PGD,) and prostaglandin E, (PGE,) by enzymes with PGD-synthase (2) and 
PGE-synthase (6) activities, respectively. Prostaglandin F,, (PGF,,) is formed from 
PGH, by prostaglandin endoperoxide reductase (4). Prostacyclin (PGI,) and throm- 
boxane A, (TXA,) are generated from PGH, by prostacyclin synthase (3) and 
thromboxane synthase (5), respectively. Non-enzymatic reactions (7) result in the 
formation of 6-ketoprostaglandin F,, (6-KPGF,,) from PGI, and thromboxane 62 
(TXB,) from TXA,. Boxes mark the compounds with biologic activities. 

chemically unstable; others are rapidly inactivated by enzymes. Because 
of the ubiquitous presence of their precursors, arachidonic acid and 
oxygen, and their instability, these compounds are ideally suited to their 
role, which is the short-term local regulation of a number of physiologi- 
cal functions. Among the varied roles of prostaglandins and thrombox- 
anes are the control of vascular tone, hemostasis, cytoprotection, 
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regulation of fetal sleep/wake states, kidney finction, thermoregulation, 
inflammation, cell proliferation, and many others. An excellent overview 
of arachidonate release and metabolism to prostaglandins and thrombox- 
anes has been published recently by Smith et al. (1991). 

One of the earliest recognized effects of prostaglandins was the 
stimulation of myometrial contractions. This action, observed experi- 
mentally in animal models, was initially related to the fact that the semen 
contains exceedingly high levels of prostaglandins, and was thought to 
indicate a role of these compounds in fertility. Later studies revealed, 
however, that prostaglandins are powerful stimulators of the 
myometrium, and will terminate pregnancy in a number of species any 
time during gestation. 

In humans, three lines of evidence suggest that prostaglandins are key 
physiological regulators of myometrial activity in late pregnancy and at 
parturition (Challis and Olson, 1988; Keirse, 1990). First, the admini- 
stration of prostaglandin E, or F,, to pregnant women induces labor. The 
prostaglandins not only stimulate the uterus to contract, but also cause 
the uterine cervix to soften and efface, a process essential for natural birth 
to take place. Second, prostaglandin E, and F,, are synthesized by the 
intrauterine tissues, and this natural prostaglandin production is higher 
after the spontaneous onset of labor than before it. In agreement with 
this, prostaglandins and their precursor, arachidonic acid, accumulate in 
the amniotic fluid as labor progresses. The maternal plasma concentra- 
tion and the urinary excretion of the metabolic product of prostaglandin 
F,, also increase at labor, indicating the enhanced production of the 
endogenous prostaglandins. Third, it was observed that the length of 
pregnancy as well as the duration of labor significantly increased in 
women who were treated with blockers of prostaglandin synthesis to 
alleviate the symptoms of chronic inflammatory diseases. Moreover, the 
administration of inhibitors of prostaglandin synthesis slowed down or 
stopped completely pretenn labor. These findings firmly established 
prostaglandins as the principal factors controlling human birth. 

Subsequent investigations were aimed at determining the exact 
mechanism of prostaglandin action in the pregnant uterus. Important 
questions were to be answered, such as: Which intrauterine tissues are 
the sources of the prostaglandins, and which are the targets? What are 
the primary actions of the prostaglandins in the target tissues? What are 
the factors which control the synthesis and regulate the inactivation of 
prostaglandins in the uterine compartment? 
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Research during recent years made significant progress toward an- 
swering these questions (see Olson et al., 1993 for review). The amnion 
was shown to produce copious amounts of prostaglandin E,, while the 
decidua was identified as the main uterine source of prostaglandin F2a. 
It was demonstrated that the amnion synthesizes significantly more 
prostaglandin E, after labor than before the spontaneous onset of partu- 
rition. Also, a group of bone marrow-derived cells in the decidua carrying 
the CD45 surface antigen was shown to synthesize enhanced amounts of 
prostaglandins at labor. Interestingly, the proportion of these cells in- 
creases at term within the heterogeneous population of the decidual cells. 
At the same time, the chorion exhibits lower activity to synthesize 
prostanoids, but a very high capacity to inactivate them metabolically. 

Administration of prostaglandins to pregnant women induces uterine 
contractions suggesting that the myometrium is a target of prostaglandin 
action. Studies with synthetic prostaglandin and thromboxane analogs 
revealed that the human myometrium contains at least seven types of 
prostanoid receptors. These receptors bind prostaglandin E,, Fza, D,, 
thromboxane A,, and prostacyclin with different affinities. The receptors 
are coupled to various signal transduction systems, and are capable of 
mediating the contraction as well as the relaxation of the tissue. Interest- 
ingly, isolated strips of pregnant human myometrium relax when ex- 
posed to prostaglandin E,. This indicates that, at least under in vitro 
conditions, the relaxing effects predominate. In vitro studies of pro- 
staglandin transfer across the fetal membranes and the decidua have 
demonstrated that decidual prostaglandins have unimpeded access to the 
myometrium because of the anatomical proximity of the two tissues. 
However, more than 90% of the amniotic prostaglandin E, is inactivated 
in the chorion before reaching the myometrium, suggesting that the 
primary target of the prostaglandins produced by the amnion membrane 
is not the myometrium (Olson et al., 1993). Because of these observa- 
tions, there is a growing consensus among investigators that the tradi- 
tional view, that labor is initiated by a rise in intrauterine prostaglandin 
levels which directly stimulate uterine contractions, is too simplistic. It 
is more likely that prostaglandins act indirectly, or in concert with other 
agonists to stimulate the uterus to contract. Although the myometrium is 
undoubtedly one of the chief targets of intrauterine prostaglandins, the 
regulation of its contractile activity is complex, and not well understood. 

The uterine cervix and the amnion membrane are other likely targets 
of prostaglandins. Both of these structures undergo changes at parturition 
which result in cervical softening and membrane rupture, respectively. 
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The cervical changes include the remodeling of the collagen and gly- 
cosaminoglycan components of the extracellular matrix. This process is 
influenced by prostaglandins, especially prostaglandin E, (Challis and 
Olson, 1988; Huszar and Walsh, 199 1) .  The mechanism of prostaglandin 
action in these tissues is obscure, but it probably involves a local reaction 
resembling inflammation. 

Various in vitro studies with perfused placentas, placental explants, 
cells, or homogenates have shown that the placenta produces measurable 
amounts of all major products of the prostanoid synthetic pathway 
(Figure 5 ;  Myatt, 1990). The majority ofthese compounds are most likely 
released from the cells of the placental vasculature and participate in the 
regulation of fetal placental blood flow. The placental trophoblasts are 
very rich in prostaglandin inactivating enzymes. Similar to the chorion, 
this high metabolic activity effectively separates the maternal and fetal 
prostanoid pools. 

The regulation of prostaglandin synthesis in human gestational tissues 
has been extensively studied because of its potential significance in the 
control of birth. Most of these studies, reviewed recently by Olson et al. 
(1 993), comprised in vitro treatments of cells or tissues with agonists, 
followed by the determination of prostaglandin output or other relevant 
parameters of prostanoid biosynthesis such as enzyme levels or arachi- 
donate depletion. A variety of natural and synthetic agonists have been 
found to modulate prostaglandin synthesis in these experiments. Among 
the steroids, cortisol was demonstrated to inhibit the prostaglandin output 
of amnion and placental explants, while progesterone or estrogens were 
not reported to affect prostaglandin production in term human gestational 
tissues. Oxytocin was shown to stimulate the prostaglandin production 
of decidual tissue and cultured amnion cells, however, these observations 
were not confirmed independently (Hirst et al., 1993). ACTH and CRH 
(corticotropin releasing hormone) increased the prostaglandin output of 
amnion, chorion, decidua, and placenta at term pregnancy, while GnRH 
(gonadotropin releasing hormone) stimulated the prostaglandin produc- 
tion of placental explants. Several cytokines, growth factors, and second 
messenger analogs also affect gestational tissue prostaglandin output; 
some of these will be discussed in more detail in later sections of this 
chapter. 

Despite the wealth of information concerning the in vitro regulation 
of prostaglandin biosynthesis in the fetal membranes, placenta, and the 
decidua, little is known about the factors and mechanisms which control 
intrauterine prostaglandin production in vivo. Mechanical stimulation 
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appears to play a role, because artificial rupture of the membranes or 
distension of the cervix lead to increased prostaglandin levels in the 
maternal circulation and in the amniotic fluid. However, none of the 
hormones or paracrine factors which affect the prostanoid output of the 
gestational tissues in vitro have been shown unequivocally to be the 
physiological regulator( s) of the increasing intrauterine prostaglandin 
levels observed at labor in women. The criteria to be satisfied by such 
regulator(s) include: (1) the changing endogenous production preceding 
or concomitant with the increase of intrauterine prostaglandin levels; (2) 
the ability to modulate prostaglandin levels upon exogenous administra- 
tion; and (3) the blockade of the in vivo changes of prostaglandin 
synthesis by antagonists and/or synthesis inhibitors. Additionally, it is 
necessary to demonstrate that the agonist(s) gain access to the target 
tissues, the amnion and the decidua, without metabolic inactivation. 

These criteria are difficult to establish through experimentation be- 
cause ethical considerations and technical difficulties often limit the 
scope of research involving human subjects. Nevertheless, recent data 
suggest that a group of regulatory substances called inflammatory cytok- 
ines may indeed increase prostaglandin levels in the pregnant uterus, at 
least in certain pathological situations. 

VII. CYTOKINES 

Cytokines are a group of polypeptide factors which orchestrate the 
response of an organism to injury, infection, or other effects threatening 
to upset its homeostasis. They are crucially important in the local as well 
as the systemic reactions of the acute phase response, and in both the 
cellular and humoral arms of the immune system. The inflammatory 
cytokines interleukin l p  (ILIP), tumor necrosis factor a (TNFa), and 
interleukin 6 (IL6), and the neutrophil chemoattractant cytokine (IL8) 
accumulate in the amniotic fluid of pregnant women with intrauterine 
infection and chorioamnionitis. These conditions are often accompanied 
by preterm labor and elevated amniotic fluid levels of prostaglandins 
(Romero et al., 1988; Mitchell et al., 1991). Each of the three inflamma- 
tory cytokines was shown to stimulate the prostaglandin output of 
amnion and decidua in vitro. The decidua, which contains bone marrow- 
derived cells, produces TNFa and IL6 in response to bacterial endotoxin 
and other cytokines such as ILlP. Based on these observations it was 
proposed that cytokines are important mediators of preterm labor in the 
case of intrauterine infection and inflammation (Mitchell et al., 1991). It 
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was suggested that the reaction evoked by the bacterial invasion of the 
uterine cavity leads to increased cytokine levels which stimulate pro- 
staglandin production. The prostaglandins induce labor, and as a result, 
the fetus is removed from the hostile intrauterine environment. Notably, 
normal term labor is accompanied by a rise in the number of cytokine 
producing proinflammatory cells in the decidua. However, no evidence 
has been provided yet for the involvement of inflammatory cytokines in 
normal labor. 

Another phenomenon where cytokines may be important is the adjust- 
ment of the mother’s immune system to allow tolerance of the fetal 
allograft (Colbern and Main, 1991). The suppression of the maternal THl 
lymphocyte dependent (cell-mediated) immunity and the relative preva- 
lence of the TH2 lymphocyte dependent (antibody-mediated) immune 
response have been established in the pregnant mouse, and the existence 
of a similar adaptation in human pregnancy is postulated (Wegmann et 
al., 1993). Amaternal immune system with decreased ability to mount a 
cell-mediated immune response could be advantageous for the mainte- 
nance of the pregnancy, because trophoblastic tissue may be susceptible 
to a cell-mediated immunoreaction. At the same time, enhanced anti- 
body-mediated immunity may provide the newborn with increased pro- 
tection against infection after birth. The TH I cell-secreted cytokines 
interleukin 2, interferon y, and TNFP, and the TH2 cell-secreted inter- 
leukins IL4, IL5, IL6, and ILlO are most likely involved in this function. 
The mediating role of prostaglandin E, is also conceivable, because this 
eicosanoid is a strong suppressor of NK (natural killer) cell activity. 

VIII. OTHER FACTORS 

The vasoactive peptide endothelin 1 is a potent stimulant of the 
myometrium. Endothelin 1 is synthesized by amnion cells and is present 
in term amniotic fluid. Epidermal growth factor (EGF) and IL 1 increase 
the amniotic production of this peptide. However, the chorion contains 
high levels of the enzyme enkephalinase, which degrades endothelin, and 
thus prevents it from accessing the myometrium and causing contrac- 
tions. The physiological function(s) of endothelin in the perinatal period 
may include the regulation of placental blood flow and the closure of the 
ductus arteriosus (Mitchell, 199 1). 

Reluxin is a small polypeptide produced by the myometrium, the 
gestational tissues and the corpus luteum of pregnancy. Its role in 
preparing the uterus for labor in animals such as the pig or the rat is well 
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documented (Challis and Olson, 1988). Plasma levels of relaxin increase 
in these species at term. Relaxin promotes uterine quiescence and cervi- 
cal maturation before the onset of labor. The plasma of women also 
contains detectable levels of relaxin throughout gestation. Relaxin has 
similar effects on the human uterus as in the animal models (Challis and 
Olson, 1988; Huszar and Walsh, 1991), but its importance in human 
parturition is not clearly established. 

Prolactin is produced exclusively by the decidua in the pregnant 
human uterus. This hormone was shown to suppress the prostaglandin 
biosynthesis ofthe amnion in vitro. The influence ofprolactin diminishes 
on the amnion during labor, when the amnion membrane separates from 
the choriodecidua. This may contribute to the increase of amniotic 
prostaglandin observed at birth (Tyson et al., 1985). 

Catecholamines are present in the amniotic fluid in increasing 
amounts with advancing gestation. The source of the amniotic fluid 
catecholamines is most likely the fetal urine. Adrenergic nerve terminals 
in the uterine cervix may also contribute to catecholamine levels in the 
uterus. Alpha as well as beta adrenergic receptors are present in the 
myometrium, the former mediating uterine contractions, the latter medi- 
ating relaxation (Huszar and Walsh, 1991). Beta adrenergic agonists are 
widely used in clinical practice to stop myometrial contractions. Al- 
though beta mimetics cause an initial decrease in uterine activity, their 
efficacy diminishes after several hours of administration probably due 
to the desensitization of the myometrium. Paradoxically, the human 
amnion responds to P-adrenergic stimulation with increased arachi- 
donate release and prostaglandin E, production (Bleasdale and DiRenzo, 
1989). The physiological role of catecholamines in pregnancy and par- 
turition is not understood. 

Growth factors are also involved in the regulation of gestational tissue 
function. The role of epidermal growth factor is characterized best in this 
respect (reviewed by Olson et al., 1993). EGF and/or transforming 
growth factor a (TGFa), which is a different polypeptide acting through 
the same receptor as EGF, were shown to accumulate in the amniotic 
fluid in late pregnancy and at labor. The sources of the EGFITGFa 
bioactivity are most likely the fetal kidneys. EGF stimulates the growth 
of amnion cells, and promotes endothelin 1 and PGE, output of confluent 
amnion cell cultures. Transforming growth factor P (TGFP), on the other 
hand, inhibits the PGE, production of amnion cells without affecting 
mitogenesis. TGFP was shown recently to antagonize the effect of 
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progesterone on several progesterone responsive genes in the fetal mem- 
branes, and was proposed to finction as a gene-specific antiprogesterone 
which might be important in the timing of labor onset. 

IX. CONCLUSION 

In late gestation, endocrine systems function to maintain uterine quies- 
cence while preparing the myometrium and the cervix for impending 
labor. At the end of pregnancy, hormonal changes, which most likely 
involve paracrine interactions within intrauterine tissues, result in the 
stimulation of myometrial activity culminating in the expulsion of the 
fetus. Parturition is followed by involution of the uterus to its nonpreg- 
nant state. 

Progesterone and estrogen levels are high in the maternal plasma in 
late pregnancy, and, contrary to well studied animal models such as the 
sheep, remain unchanged before labor. Progesterone is produced by the 
placenta; estrogen synthesis is the coordinated function of the fetal 
adrenal and liver and the placenta. Diurnal andor local variations of the 
estrogeniprogesterone ratio in the uterus possibly influence the contrac- 
tility of the myometrium and the timing of labor. The human placenta 
produces large quantities of human chorionic gonadotrophin and placen- 
tal lactogen, but the function of these hormones in late pregnancy is 
unknown. 

Oxytocin is a powerful stimulant of the myometrium. Oxytocin se- 
creted by the maternal and fetal hypophysis probably does not play a role 
in the onset of human labor, but locally produced oxytocin may function 
as a paracrine factor regulating myometrial contractility. 

There is strong evidence suggesting that prostaglandins are important 
factors controlling human parturition. First, prostaglandins induce labor 
by promoting myometrial contractions as well as cervical ripening. 
Second, normal labor is associated with increased intrauterine pro- 
staglandin synthesis. Third, inhibition of prostaglandin biosynthesis 
prolongs gestation and labor. Although a number of hormones were 
shown to affect the prostaglandin production of the gestational tissues, 
the in vivo regulation of intrauterine prostaglandin synthesis is unclear. 

The inflammatory cytokines IL1, TNF, and IL6 accumulate in the 
amniotic fluid in pregnancies complicated with intrauterine infection and 
inflammation, and may have a primary role in the mechanism of infec- 
tion-related preterm labor. Cytokines also are implicated in the modula- 
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tion of the maternal immune system to tolerate the fetus and the placenta. 
Other factors such as endothelin, 'relaxin, catecholamines, and growth 
factors are also present in the uterus and influence certain aspects of 
uterine function in late pregnancy, but their physiological roles remain 
to be established. 
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ABSTRACT 

Throughout the course of gestation, steroid hormones play a key role in 
regulation of the uterus. Estrogen and progesterone have profound effects 
on modulation of both structural and functional elements of the 
myometrium. This chapter will explore the following major areas of 
steroid-myometrial interaction: 

1 .  Myometrial growth-the dramatic changes induced by estrogen and 
progesterone during the course of pregnancy; 

2. Myometrial excitabilitykontractility-the role of steroids in regulation 
of myometrial receptors; and 

3.  Conductivity4ow steroid hormones affect cell-to-cell communica- 
tion. 

1. INTRODUCTION 

The successful completion of pregnancy culminating in well timed labor 
and delivery depends on a series of coordinated processes. This occurs 
primarily through the interaction of steroid hormones with the 
myometrium. Aconsiderable quantity of literature has clearly recognized 
the fall in circulating progesterone concentrations as the harbinger to 
parturition in a variety of animal species. Excluded from this list, 
however, are the human and non-human primate. This lack of measurable 
decline in progesterone at term has been one of the most significant 
stumbling blocks to unlocking the mysteries of parturition in women. 

Due to obvious ethical concerns, we have relied on animal models to 
gain an understanding of the endocrine, biochemical, and molecular 
events leading to parturition. All of these changes are responsible for the 
remarkable transition of the myometrium. It changes from a passive 
bystander to an active participant in the process of labor and delivery. A 
key element in this process is a precise interplay of steroids and the 
myometrium. In this chapter, we will focus on the role of steroid 
hormones in the regulation of myornetrial structure and function during 
pregnancy. 

An abundance of current data suggest that estrogen and progesterone 
are intimately involved in the maintenance of pregnancy as well as the 
onset of parturition. The dominance of progesterone throughout the 
course of pregnancy is associated with a firm, closed cervix, low intra- 
cellular calcium levels, and few myometrial gap junctions. All of these 
factors contribute to the key element of pregnancy maintenance: a 
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quiescent myometrium. At term, there is a marked change in the balance 
between estrogen and progesterone in the non-primate that stimulates 
cervical ripening and uterine activity. We will explore how steroid 
hormones exert such dramatic changes in the following areas of 
myometrial regulation (Figure 1): 

1. Myometrial growth: cell hypertrophy and/or proliferation. 
2. Myometrial excitabilitylcontractility : dependent on plasma mem- 

brane receptors for contractile agonists. 
3. Conductivity: the ability for cell-to-cell communication, that is, 

propagation of action potentials via electronic coupling through 
gap junctions. 

Before we focus on these areas of hormone-myometrium interaction, 
it is important to first review how steroid hormones exert their effects at 
the cellular level. Specifically, we will describe steroid mechanisms, 
regulation of steroid receptors, and the interaction of estrogen and 
progesterone at the level of the myometrium. 

Growth Contractility Conductivitv 

Figure 1. 
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A. Steroid Mechanisms 

The steroid hormones are a large group of molecules all derived from 
the common sterol precursor, cholesterol. Since steroids are lipid-soluble 
molecules, they pass through the plasma membrane and bind to specific 
intracellular receptors. Steroid-receptor complexes (SRC) then enter the 
nucleus and bind to hormone response elements (HRE) of the regulatory 
DNA region (Figure 2). Unbound steroid may also go into the nucleus 
and form complexes inside the nucleus. It is through the interaction of 
the SRC with the HRE that estrogen and progesterone control a number 
of physiologic events including hoiiiione production and protein synthe- 
sis in the uterus. The DNA binding domain of both estrogen and proges- 
terone receptors has a 65-68 amino acid core region, which contains two 
essential zinc finger structures, each resulting from the coordination of 
one Zn2' to four cysteine residues (Gronemeyer, 199 1). These structures 
aid in stabilizing receptor-to-ERE binding. Yet, how the hormone recep- 

Figure 2. Steroid receptor interaction. Lipid-soluble hormone molecules bind 
their intracellular receptors. These hormone-receptor complexes dimerize before 
they enter the nucleus. The complexes then interact with HRE to stimulate 
transactivation of target genes, followed by transcription and translation. H = 
Hormone, HRE = Hormone Responsive Element. 
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tors, once positioned on the right promoter, modulate transcriptional 
efficiency is not known. Recent findings suggest that modulation of 
transcription requires functional interactions among the receptor mole- 
cules as well as interactions with other essential transcription factors. 

B. Regulation of Steroid Receptors 

Regulation of steroid receptors is mediated by the steroids themselves. 
Progesterone receptor induction by estradiol is at the level of transcrip- 
tion because both progesterone receptor gene transcription and mRNA 
concentrations increase following estradiol treatment. Estradiol helps 
maintain its own receptor concentration, whereas progesterone inhibits 
this effect. 

In contrast, estradiol and progesterone have also been found to de- 
crease estradiol receptor density: estradiol works via desensitization 
whereas progesterone acts through antagonism (Okulicz, 1989). This 
apparent contradiction in estradioVprogesterone interaction is not well 
understood. It is safe to conclude, however, that the mechanism of 
self-down-regulation exhibited by both estradiol and progesterone ap- 
pears to be a desensitization phenomenon when plasma hormone levels 
are elevated. Why estradiol in appropriate amounts induces an increase 
of its own receptors and why such induction is not shown by progesterone 
are subjects of further investigation. 

Interaction of  Estrogen and Progesterone 

How estrogen and progesterone inhibit each other’s actions may 
depend on the organ system. In the myometrium, estradiol stimulates the 
synthesis of its own receptors and induces the synthesis of cytosolic 
progesterone receptors. In contrast, progesterone inhibits estradiol nu- 
clear receptor retention, and exerts a negative feedback on its own 
receptors. 

In the rat uterus, cytosolic estrogen receptors exhibit a replenishment 
phase of 24-72 h following the estrogen treatment. Progesterone inhibits 
this receptor replenishment, through interaction with the progesterone 
receptor itself and the degree of inhibition is related to plasma proges- 
terone levels. Low physiologic levels of progesterone are capable of 
sustained inhibition of occupied nuclear estrogen receptors, thereby 
decreasing estradiol activity (Okulicz, 1989). In contrast, high plasma 
progesterone levels depress progesterone receptor concentration by a 
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negative feedback. Additionally, pre-treatment of progesterone dimin- 
ishes the progesterone antagonism of estrogen-induced uterotrophic 
responses. High levels of plasma progesterone, therefore, may cause 
target cells to become unresponsive to progesterone and may play a 
permissive role in estrogen actions. 

These findings are significant for understanding the mechanism of 
initiation of labor in the primate. Currently, the progesterone withdrawal 
theory for the initiation of labor is well established for the sheep and 
rodents, but much debated for the primate because there is no observable 
decline in plasma progesterone at term. However, increasing levels of 
progesterone may reach a point where the negative feedback on proges- 
terone receptors occurs, and the withdrawal of progesterone action 
(receptors) may initiate labor. This hypothesis is strengthened by studies 
with RU486 blockade of progesterone receptors, functionally decreasing 
progesterone receptor density in the myometrium. RU486 effectively 
decreased progesterone inhibition of estrogen receptor retention. How- 
ever, this decrease in progesterone inhibition of estrogen receptors does 
not appear to occur in the normal parturient human or non-human primate 
(Haluska et al., 1990). 

It is apparent that the interaction between estrogen and progesterone 
is important during the course of gestation. We will now discuss the 
specific roles of these steroid hormones at the level of the myometrium. 

I I .  MYOMETRIAL GROWTH 

Following conception, the normal uterus undergoes dramatic changes. It 
is transformed from an almost solid cavity of 10 cc or less to a relatively 
thin-walled storage space 50&1000 times its initial capacity by the end 
of pregnancy. Concomitantly, uterine weight increases about 15-fold, 
from 70 g to about 1,000 g. The majority of this size increase is the result 
of stretching and hypertrophy of preexisting smooth muscle cells. At 
parturition, a single myometrial cell is about 500 pm in length and 
myometrial hyperplasia is very limited. 

During the first few months of pregnancy, when steroid hormones are 
primarily provided by the corpus luteum, mechanical stretching of the 
uterus does not play a major role in the process of uterine growth. This 
is apparent since similar uterine changes can be observed in ectopic 
pregnancies. However as the products of conception continue to grow, 
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some of the observed uterine changes may be a result of mechanical 
distention. 

Progesterone, in conjunction with estrogen, stimulates uterine growth, 
as well as causes secretory maturation of the endometrium. However, the 
cellular mechanisms by which these hormones regulate development of 
the uterus (both endometrium and myometrium) are poorly understood. 
Increasing evidence suggests that sex steroids regulate the gene expres- 
sion of specific proteins that mediate uterine growth during pregnancy. 
Progesterone induces the expression of uteroglobin and proenkephalin 
in a number of animal species. The mitogenic effect of estrogen may 
involve the local production or action of growth factors such as epithelial 
cell growth factor. These effects occur primarily at the level of the 
endometrium or decidua. However, other studies have demonstrated the 
effect of steroid hormones on growth factors in the myometrium. North- 
em blot analysis showed that the pregnant human myometrium ex- 
pressed mRNA for both macrophage colony-stimulating factor (MCSF) 
as well as the c-fms proto-oncogene (the MCSF receptor), while 
myometrium from non-pregnant women expressed neither mRNA. In- 
terestingly, the mRNAs of both MCSF and the receptor were induced in 
the myometrium following pseudopregnant therapy with mestranol and 
norethindrone in a group of non-pregnant patients. 

Platelet-derived growth factor (PDGF) has also been implicated in 
myometrial cell proliferation. The presence of PDGF was confirmed in 
gestational human myometrium with the amount of A-chain transcript 
increased during gestation. Further, PDGF polypeptide expression was 
demonstrated in situ. This suggested that PDGF may be associated with 
myometrial hyperplasia and PDGF may also stimulate smooth muscle 
cells to increase proliferative capacity. Steroid regulation of PDGF may 
play a role during pregnancy since PDGF levels in pregnant myometrium 
are significantly elevated compared to non-pregnant tissue. Additionally, 
angiotensin-I1 increases PDGF in smooth muscle cells. Estrogen stimu- 
lates plasma renin levels during pregnancy, which in turn, lead to 
elevated angiotensin-I1 concentrations. The indirect stimulation of 
angiotensin-I1 by estrogen during pregnancy may help explain the ele- 
vated PDGF levels observed during gestation. It appears, therefore, that 
steroid modulation of growth factors may have a profound effect on the 
dramatic uterine growth observed during the course of pregnancy. 
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111. MYOMETRIAL EXCITABILITY AND CONTRACTILITY 

It is now apparent that both estrogen and progesterone have profound 
effects on uterine growth. For the uterus to accomplish its goal of 
pregnancy maintenance followed by well-timed parturition, steroid hor- 
mones also play a key role in the regulation of myometrial excitability 
and contractility. Steroid modulation of these events will be described in 
terms of modulation of primary contractile agonists and their receptors. 

A. Steroid Regulation of Myornetrial Oxytocin Receptors 

Oxytocin is a potent uterotonic agent with profound effects on 
myometrial contractility. The early studies of Caldeyro-Barcia and Ser- 
eno (1 961) showed quite convincingly that uterine sensitivity to oxytocin 
increased dramatically during the course of gestation. This change is the 
result of a significant rise in high-affinity low-capacity oxytocin recep- 
tors. Compared with the non-pregnant uterus, receptor concentrations 
increase sixfold by 16 weeks, 80-fold by term, and 200-fold during labor 
(Fuchs and Fuchs, 1984; Dawood, 1989). Like the adrenergic a,-recep- 
tors, oxytocin (OT) receptors are coupled to phospholipase C via G-pro- 
tein. This coupling of ligand to receptor stimulates the conversion of 
phosphatidylinositol-4,5-bis-phosphate (PIP,) to inositol- 1,4,5-tris- 
phosphate (IPJ, which stimulates the release of intracellular calcium and 
subsequent Ca+2 -calmodulin activation of myosin light-chain kinase. 
Additionally, OT receptor-coupled G-proteins are linked to voltage- 
gated calcium channels, which regulate the influx of the extracellular 
calcium. 

Estrogen increases OT-receptor density, whereas progesterone de- 
creases the estradiol-induced rise in OT receptor concentration. Incuba- 
tion of rat uterine tissues in estradiol results in approximately a fivefold 
increase in the number of OT receptors. This increase is maintained for 
48 h, in the presence of estradiol. Additionally, cycloheximide, a protein 
synthesis inhibitor, blocks the estradiol-induced rise in OT receptor 
synthesis. However, the reduction of estradiol-induced OT receptor 
formation by progesterone was not inhibited by cycloheximide. This 
indicates that while estradiol-induced receptor formation involves the 
stimulation of protein synthesis, progesterone-mediated OT receptor 
reduction may be caused by inactivation or degradation of existing OT 
receptors (Soloff et al., 1983). 
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Rat myometrium shows a marked increase in the OT receptor density 
during parturition. This increase is preceded by a proportional rise in 
estrogen receptor concentration in both cytosolic and nuclear fractions 
of the myometrium (Alexandrova and Soloff, 1980). In the pregnant rat, 
progesterone levels fall from day 15 and reaches its nadir on the day of 
parturition while estradiol progressively rises from day 17 with gestation 
and reaches its peak on the day of parturition. The decline in plasma 
progesterone permits estradiol to stimulate the synthesis of estradiol 
receptors in the myometrium. This increase in estradiol receptors and 
their occupancy by estradiol promotes the formation of OT receptors, 
which augments the myometrial response to OT. 

The ability to block oxytocin receptors has become a reality with the 
advent of oxytocin receptor blockers. Both in vitro and in vivo studies 
have demonstrated the effectiveness of these agents in inhibiting 
myometrial contractility. In the clinical setting, it is important to note 
that oxytocin receptor blockade is relatively ineffective prior to 30 weeks 
of gestation presumably due to the relatively low number of receptors at 
this stage of gestation. 

Steroid Regulation of Oxytocin Concentrations 

In addition to their effects on oxytocin receptors, steroids appear to 
play a role in the regulation of OT secretory patterns. Fuchs and cowork- 
ers ( 1992) demonstrated a correlation of nocturnal increases in plasma 
oxytocin with a decrease in the plasma estradiol/progesterone ratio in 
late human pregnancy. Further, uterine activity in pregnant women 
exhibits a marked diurnal rhythm (Germain et al., 1993). Marked diurnal 
variations in uterine activity of pregnant rhesus monkeys and baboons 
have also been demonstrated (Ducsay et al., 1983; Wilson et al., 1991). 
It is noteworthy that uterine responsiveness to oxytocin also exhibited a 
24 h rhythm, which coincided with the rhythm in uterine activity (Hon- 
nebier et al., 1989). Additionally, administration of specific oxytocin 
antagonists abolished the midnight peak in uterine activity in pregnant 
rhesus monkeys (Honnebier et al., 1989) and baboons (Wilson et al., 
1991). This strongly suggests that oxytocin is responsible for 24 h 
rhythms in the uterine activity in pregnant primates. Studies with preg- 
nant women (Fuchs et al., 1992) and baboons (Wilson et al., 1991) point 
to the balance of estradiol and progesterone as an important regulator of 
uterine responsiveness to oxytocin (Fuchs et al., 1992). 
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A number of studies have shown that human amnion, chorion, and 
decidua are capable of producing and metabolizing estrogen and proges- 
terone (Mitchell et al., 1984). The local phenomenon may result in altered 
estradiol/progesterone ratios in these tissues, not reflected in maternal 
plasma steroid concentrations. Estrogen and progesterone may there- 
fore exert a paracrine effect on myometrial contractility. Local oxy- 
tocin synthesis in human decidua and membranes may play a significant 
role in the regulation of myometrial contractility at term. Recent use of 
molecular techniques has provided evidence for oxytocin synthesis by 
human decidua and membranes (Chibbar et al., 1993). Synthesis of 
oxytocin mRNA was significantly higher in these tissues after the 
initiation of spontaneous labor compared with term tissues examined 
before labor. 

Oxytocin Gene Expression 

It is well established that estrogen influences hypothalamic oxytocin 
synthesis, but the regulatory role of steroids in intrauterine oxytocin 
synthesis is not clearly understood. Preliminary in vitro studies, however, 
have demonstrated a stimulatory effect of estrogen on oxytocin mRNA 
synthesis in decidua as well as membranes. Alone, progesterone has little 
effect, but it does inhibit the estrogen response. Oxytocin mRNA has also 
been isolated from decidua as well as amnion and placenta in the rat. 
Further, the expression of oxytocin mRNA is greatly enhanced in rat 
endometrial epithelium during the last four days of pregnancy. This is a 
period of gestation when estrogen levels are significantly elevated and 
progesterone levels are decreased (Lefebvre and Farookhi, 1994). En- 
hanced levels of gene expression were also observed in rats at estrus and 
in ovariectomized animals undergoing steroid replacement therapy. 
Thus, the interaction of ovarian steroids in the uterus may represent an 
important, but probably not exclusive, regulator of OT gene expression. 
Since uterine epithelial cells possess estrogen-inducible estrogen and 
progesterone receptors, it has been suggested that the observed steroid 
effects could be the result of a direct steroid action on uterine epithelial 
cells. 

As described above, the regulation of uterine OT gene expression is 
another example of the interaction between estrogen and progesterone. 
Although the estrogen effect may be mediated at least in part by the 
estrogen response element present close to the OT gene, the mechanisms 
of progesterone effects on estrogen remain unclear. A glucocorticoid 
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response element has been described in the rat OT gene. In the presence 
of progesterone receptors, this glucocorticoid response element could 
mediate the action of progesterone. 

The observed steroid effects may also be the result of an integrated 
response of the uterine endometrium and may involve additional 
paracrine or autocrine factors. The prostaglandins (PGs) are likely 
candidates since steroid hormones appear to enhance PGF,, release from 
endometrium and stimulate luteal secretion of OT. Interestingly, PG 
release is stimulated by OT itself, and this release is enhanced by 
progesterone. This raises the possibility that PGs and OT may be linked 
by a steroid-induced positive feedback loop. However, at present, con- 
firmatory data are lacking. 

Taken together, the data discussed above illustrate another mechanism 
by which steroids can affect myometrial contractility. In this case, the 
steroid may regulate the paracrine production of oxytocin which, in turn, 
affects the myometrium. The present data clearly demonstrate that 
uterine OT gene expression is inducible by steroids. However, the exact 
mechanism(s) by which this action is exerted remain unclear. 

B. Steroid Regulation of Myometrial Adrenoceptors 

In the myometrium, the effects of catecholamines are dependent upon 
the proportion and distribution of the various adrenoceptor subtypes. In 
turn, the concentration and sensitivity of these receptors appear to be 
under regulation by steroid hormones, primarily estrogen and progester- 
one (Roberts et al., 1989). While the majority of data in this area was 
derived from rodent and rabbit models, the same general principles of 
regulation appear to apply to the human. 

The endogenous adrenergic agonists, norepinephrine and epineph- 
rine, interact with the three principal myometrial receptor subtypes. The 
cumulative response, therefore, is determined by the relative changes in 
the products of PIP, hydrolysis (a,-receptors) and changes in CAMP (a2- 
and P,-receptors). These effects increase or decrease the available cal- 
cium concentration, respectively, ultimately acting on myosin light chain 
kinase. 

Myometrium contracts in response to norepinephrine, and estrogen 
treatment increases myometrial contractile sensitivity to norepinephrine. 
Estrogen treatment results in a dramatic increase in a adrenoceptor 
concentration while P receptor number is relatively unchanged (Roberts 
et al., 1989). Although the effects of norepinephrine appear to be medi- 
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ated through the a,-receptor subtype, estrogen increases the a,-adrener- 
gic sensitivity of the rabbit myometrium without changes in a,-receptor 
number. It has been suggested that the increased sensitivity is due to a 
post-receptor effect of estrogen. Specifically, stimulation of a,-adrener- 
gic receptors activates phosphatidylinositol 4,5 bisphosphate-specific 
phospholipase C (PIP,-PLC). This reaction catalyzes the hydrolysis of 
PIP, to form IP,. IP, is responsible for the release of calcium from 
intracellular stores and the cascade of events leading to contraction of 
the myometrium. Thus, IP, acts as a second messenger, activating 
calcium responses and the production of IP, is enhanced by estrogen 
treatment. 

In contrast to a-adrenoceptors, adrenergic inhibition of contraction is 
mediated by J3-receptors. The response to J3-receptor activation is an 
increase in cAMP and this effect is mediated through a conformational 
change in the receptor favoring an interaction with a guanyl nucleotide 
sensitive coupling protein (Gs; Bottari et al., 1983). Like a-receptor 
stirnulation of IP,, P-mediated stimulation of cAMP and subsequent 
myometrial relaxation is mediated by alterations in steroid environment. 
Myometrial cAMP generation is potently stimulated by 0-agonists in 
progesterone treated rabbits but the stimulation disappears following 
estrogen treatment (Roberts et al., 1989). 

C. Steroid Regulation of Prostaglandins 

Prostaglandins have been implicated in a number of physiologic roles 
including blood flow regulation, priming of the uterine cervix during 
parturition as well as stimulating the decrease of estradiol to progester- 
one ratio (Alexandrova and Soloff, 1980). PGI,, for example, increases 
blood flow by vasodilatation and mediates cervical dilation. PGF,, 
causes uterine contraction, decreases the estradiol to progesterone ratio, 
and stimulates OT receptor formation (Alexandrova and Soloff, 1980; 
Schrey et al., 1988). Suppression of PG synthesis appears to attenuate 
OT responsiveness and markedly decreases OT receptor concentrations 
without any change in the binding affinity (Chan and Chen, 1992). 
Naproxen sodium suppressed both OT receptor and gap junction forma- 
tion and prolonged gestation and delayed parturition by 24 h or longer. 

Prostaglandins increase uterine contractility by stimulating the syn- 
thesis of IP, just as the a,-adrenergic agents and OT. Additionally, PGs 
increase the influx of extracellular calcium. In the rat, PGF,, is the most 
potent activator of IP, on day 0 myometrium, whereas PGE, is the 
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strongest stimulus to IP, near term. Estradiol stimulates the production 
of prostaglandins by activatirig phospholipase A, and shifts the receptor 
population to high-affinity, low-capacity binding-sites. In contrast, pro- 
gesterone appears to antagonize the effect of estrogen on phospholipase 
A,. Further, progesterone treatment decreases the PGF,, receptor con- 
centration without changing affinity. 

It has recently become apparent that there is an interaction between 
oxytocin and prostaglandins. Oxytocin stimulates endometrial PG re- 
lease, and this release is enhanced by progesterone (Schrey et al., 1988; 
Steer, 1990). Additionally, oxytocin enhances the basal release of uterine 
PGF,,, but not that of PGE,. Current data indicate that the phosphoinosi- 
tol-protein kinase C pathway mediates the oxytocin-induced myametrial 
contractions as well as the production of PGs. In addition to the stimu- 
latory effects of oxytocin on PG synthesis, there may be a positive 
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Figure 3. Targets of steroid modulation. Estradiol (E,) stimulates G-protein cou- 
pling of IP3-generating mechanisms, whereas it blocks CAMP-generating beta 
adrenoceptor-mediated mechanisms. In general, progesterone (P,) has the oppo- 
site effects. Estradiol also activates PG production through stimulation of PLA,. ERE 
= Estrogen Responsive Element, MLCK = Myosin Light-Chain Kinase, PG = 
Prostaglandin, PLA, = Phospholipase A,, PLC = Phospholipase C, PKA = Protein 
Kinase A, SR = Sarcoplasmic Reticulum. 
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feedback cascade within intrauterine tissues that includes oxytocin and 
PGs as well as the steroid hormones (Hirst et al., 1993). 

The effects of estrogen and progesterone on myometrial excitabil- 
itykontractility are summarized in Figure 3.  

IV. MYOMETRIAL CONDUCTIVITY 

The early studies of Csapo (1969) predicted that progesterone blocked 
the conductive properties of myometrial cells, thereby decreasing the 
contractile capability of the tissue. Recent studies on hormonal regula- 
tion of myometrial gap junction formation and function have confirmed 
this possibility. Gap junctions are structural components of the cell 
membrane that permit contact dependent, direct cell-to-cell communica- 
tion. These highly specialized membrane regions have both metabolic 
and electric signals pass through them and are extremely important in 
coordinating coupled cellular functions. Due to their role in propagation 
of action potentials (and perhaps intercellular transfer of second messen- 
gers), gap junctions play an integral role in the regulation of myometrial 
contractility. Our current understanding of the importance of gap junc- 
tions in the regulation of uterine activity is largely due to the work of 
Garfield and coworkers (1977, 1981). Their initial electron microscopic 
studies first demonstrated the rapid appearance of myometrial gap junc- 
tions in rats just prior to and during delivery (Garfield et al., 1977). 
Subsequent studies demonstrated that an increase in the number and size 
of junctional complexes was correlated with term and pre-term labor in 
a number of species, including humans (Garfield and Hyashi, 1981). 

Recently, a number of studies have shown that gap junctions exist as 
a homologous group of proteins that form the intercellular channels of 
the junctional complex. These proteins, known as connexins, have been 
identified in a number of tissues including heart, liver, and uterus. Studies 
utilizing specific antibodies have identified a 43 Kd protein, connexin43 
(Cx43), as the dominant junctional protein in myometrium of rats and 
humans. Northern blot hybridization has also been used to quantify 
mRNA levels for Cx43 transcription in rabbit myometrium (Beyer et al., 
1987; Winterhagen et al., 1991). 

A. Regulation of Gap Junctions 

All of the methodologies described above have clearly demonstrated 
the dependence of gap junctions on changes in steroid hormones. In the 
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non-pregnant state and early pregnancy, there is a relative absence of gap 
junctions. However, at term, there is a dramatic increase in the number 
of junctional complexes. Estrogen increases gap junction number (Bur- 
ghardt et a]., 1987), while tamoxifen blocks this effect (MacKenzie and 
Garfield, 1986). Estrogen also appears to stimulate an increase in oxy- 
tocin receptors coincident with increased Cx43 (Lye et a]., 1993). The 
increased uterine contractile response to oxytocin at term has been 
associated with increased gap junction activity. 

Studies by Lye and coworkers (1 993) demonstrated a number of key 
points regarding the regulation of gap junctional Cx43 in the rat 
myometrium. As reported elsewhere (Winterhagen et al., 1991), the 
levels of myometrial Cx43 increased with gestational age. More impor- 
tantly, a fourfold increase in Cx43 was observed in ovariectomized rats 
only 12 h after estrogen administration. This is similar to the time frame 
we observed in the rabbit which resulted in an increase in contractile 
sensitivity (Rhee et al., 1992). Further, this time lag is similar to the time 
between the peak in plasma estradiol concentrations and the nocturnal 
increase in uterine activity observed in the pregnant rhesus monkey 
(Matsumoto et al., 1991). Taken together, these data suggest that rhythms 
in estradiol and/or progesterone influence gap junction formation and/or 
function over a 24 h period in addition to the dramatic increase observed 
at term. These graded myometrial responses are well correlated with the 
ability of the hormone to occupy activated nuclear receptors for a 
sufficient duration to activate full estrogenic responses. 

In contrast to the effects of estrogen, progesterone decreases gap 
junction number (Puri and Garfield, 1982) and Cx43 gene expression 
(Winterhagen et al., 1991). The progesterone effect is consistent with the 
role of this hormone in maintaining uterine quiescence. Prior to parturi- 
tion in rats and sheep, there is a low estrogen to progesterone ratio (E:P) 
and a resultant low number ofjunctional complexes. At term, when the 
E:P increases dramatically, there is substantial increase in gap junctions 
in the myometrium. Additional studies in ovariectomized rats have 
shown that gap junctions induced by estrogen treatment can be elimi- 
nated by progesterone treatment. 

In the human, this model is not so readily applied. The concept of 
changing E:P ratios elegantly demonstrated in the sheep is not evident at 
the end of human pregnancy. Despite no significant changes in the ratio, 
there is a dramatic and well-defined increase in Cx43 during term labor. 
In this context, it is important to consider that serum steroid hormone 
concentrations do not necessarily reflect tissue concentrations, nor do 
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they mirror potential changes in steroid receptors at the tissue levels. 
Potentially, as suggested by Casey and MacDonald (1993), some form 
of “local” progesterone withdrawal may occur. This concept would 
make sense in light of the observed changes in gap junction formation at 
term. This concept is further strengthened by RU486 data in rats. Despite 
high progesterone concentrations, blockage of progesterone receptors is 
capable of stimulating preterm formation of myometrial gap junctions 
as well as labor and delivery. 

Although steroids have profound effects on gap junctions, the question 
that remains is how is this regulation accomplished? It is assumed that 
formation of new gap junctions is a function of de now synthesis of 
channel proteins. Alternatively, estrogen may induce synthesis of mRNA 
coding for a protein that regulates gap junction expression. Data from 
Musil et al. (1 990) documented that Cx43 is rapidly modified by several 
post-translational phosphorylations. Recent studies have shown that in 
viable cells, these phosphorylations are effected by cAMP dependent 
protein kinase. Further, Dookwah et al. (1 992) have demonstrated that 
cAMP increases gap junction permeability of cultured myometrial cell 
within minutes. This effect was hrther enhanced by estradiol treatment. 
Following uncoupling of the junctional complexes with octanol, perme- 
ability was restored with cAMP treatment. These data are in marked 
contrast to other studies (Sakai et al., 1992) that demonstrated an inhibi- 
tory effect of dibutyryl CAMP. Although these differences may be the 
result of differing methodology, we still have a poor understanding of 
these regulatory mechanisms. Garfield has proposed that progesterone 
exerts its effect on junction formation by suppressing a gene regulating 
connexin synthesis. 

Taken together, these data confirm Csapo’s hypothesis that progester- 
one and estrogen play a key role in the regulation of myometrial conduc- 
tivity and therefore contractility. Although the data are more convincing 
for experimental animal models, the theory may still apply to the human. 

V. CONCLUSIONS 

The endocrine events that occur throughout the course of pregnancy are 
quite remarkable. The specific effects of estrogen and progesterone on 
the myometrium during this time are equally impressive. As described 
in this chapter, these steroid hormones have profound effects on 
myometrial growth. Moreover, there is a well-coordinated effect on the 
ability of the uterus to respond to a wide range of uterotonins. This is 
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accomplished through regulation of specific receptors. Finally, to allow 
the uterus to contract purposefully during labor, there is a steroid-medi- 
ated increase in myometrial conductivity. 

Our efforts to comprehend the key factors involved in endocrine 
regulation of the myometrium have been hampered by an incomplete 
understanding of these events in the human and non-human primate 
models. For obvious ethical reasons, human experimentation is limited. 
As described in this chapter, a great deal of the information we have 
regarding steroid regulation of pregnant myometrium has come from 
animal studies. It may be misleading to directly extrapolate data from 
lower animal species to fill gaps in our understanding of the endocrine 
changes that influence myometrial function in the human. However, the 
molecular and structural alterations that regulate myometrial contractil- 
ity appear to be similar. 
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ABSTRACT 

Current global infant and maternal mortality rates are estimated at 
6611,000 and 338/100,000 births per annum respectively. The ranges by 
country are dramatic and are directly linked to living standards. Histori- 
cally, mortality rates due to extrinsic factors have been reduced by 
improving public health policies and social conditions. However, modern 
medical practice further reduces mortality rates below the thresholds 
achieved by public health measures by treating intrinsic pathologic fac- 
tors. Thus, by viewing reproductive mortality from a global perspective, 
the greatest reductions in infant and maternal deaths can be achieved 
through public health policies, education, and improved social conditions. 
On the other hand, developed countries can afford to place greater empha- 
sis on the individual's needs and on personalized obstetrical care. This 
requires research into the basic mechanisms of pregnancy and parturition, 
and the development of new therapies to treat a variety of pregnancy 
related pathologies, particularly that of preterm birth. Moreover, with the 
current cost effective health care measures being implemented in devel- 
oped countries, research into the causes of preterm birth and development 
of truly effective and safe tocolytic treatments will yield substantial 
savings in this most costly of obstetrical conditions. 

1. INTRODUCTION 

Women risk significant hazards in bearing children. Unborn babies face 
even higher risks of mortality and morbidity during the perinatal period. 
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For a woman there is no greater tragedy than the loss of a child. Yet, 
while we enjoy the golden 'age of reproductive medicine, the vast 
majority of women around the world are deprived of modern health 
policies and services. Reproductive mortality rates vary widely between 
world regions and nations, and indeed, even within many nations. In 
underdeveloped and developing countries, maternal and infant mortality 
rates are at levels that would not be tolerated in our society. In developed 
countries, vast improvements in prenatal care and obstetrical services 
have evolved from a better understanding of the many extrinsic and 
intrinsic factors that deleteriously impact upon pregnancy outcome. As 
a result, puerperal mortality rates have declined dramatically, but for 
reasons that relate more to social and public health measures than to the 
implementation of high-tech medicine. As yet, the scientific nature of 
many of the pathologies peculiar to pregnancy and parturition remains a 
mystery and so continues to evoke the tragedy of reproductive mortality. 

Currently, the major obstetrical challenge in developed nations is that 
of prematurity, or preterm birth, which is the main contributor to infant 
mortality and morbidity. To some extent it remains an issue of public 
health, but because rates have not declined over the past few decades, 
preterm birth is now viewed in the context of a complex of basic 
pathophysiologies requiring medical solutions. Moreover, while low 
birthweight infants delivered at only two thirds normal gestation can now 
be kept alive, the intensive care cost is enormous and, following dis- 
charge, survivors suffer higher rates of impairments and major disabili- 
ties than term delivered babies. It is the associated mortality and 
morbidity of prematurity that continue to plague mothers and children 
and begs for both imaginative and intensified efforts to determine the 
causes and to effect solutions. 

While some advocate that most preterm childbirths reflect adverse 
social conditions, and may in fact be rising because of increased adoles- 
cent pregnancy rates (greater than 25% of US.  teenage girls get preg- 
nant), all would agree that breakthroughs in elucidating the mechanism 
of labor is essential in preventing prematurity in afflicted mothers. 
Except in cases of severe maternal disease, fetal development proceeds 
best in its natural maternal incubator. Thus, by cracking the mystery of 
how labor is initiated and sustained, development of more effective and 
reliable tocolytic agents and regimens than are now available for the 
prevention of prematurity will yield obvious human benefits including 
substantial social and economic gains. 



198 McCOSHEN, FERNANDES, BORODITSKY, and ALLARDICE 

In this chapter, we discuss demographics and epidemiologic data on 
reproductive mortality and preterm'childbirth as a purview of the evolu- 
tion of their solutions at both the public health and scientific levels. 
Historically the greatest advances in population based health come from 
improvements in hygiene, nutrition, and public and personal health care 
policies. However, from the perspective of the mother and fetus at risk 
for an obstetrical tragedy, the need for fundamental research into the 
nature of pregnancy and parturition continues if effective clinical inter- 
ventions are to be developed. 

II. REPRODUCTIVE MORTALITY 

Reproductive mortality is used here to include maternal deaths associ- 
ated with pregnancy, fetal death from 20 weeks gestation, puerperal 
mortality, and mortality of children in their first year of life. Many of the 
factors contributing to each are common to all and include diseases of 
heredity, deficiency and infection, malnutrition, maternal age and mul- 
tiparity, and a number of social and public health deficiencies. Fetal 
deaths prior to 20 weeks gestation are classified as abortion from either 
spontaneous (miscarriage) or therapeutic cause. In the United States, the 
therapeutic abortion rate is between two to threefold greater than the rate 
of miscarriage. Globally, about 150,000 unwanted pregnancies end in 
abortion each day (World Health Organization, 1992). While an abortion 
is a reproductive mortality, miscarriage is unwillfiil whereas therapeutic 
abortion is the deliberate termination of pregnancy for reasons that differ 
radically from those of reproductive mortality from 20 weeks onward. 
Moreover, reproductive mortality extends back even to preimplantatioii 
wastage from biological causes. Thus, our discussion will be confined 
principally from the twentieth week of gestation to the puerperium, and, 
in part, to one year postpartum. 

A. Historical 

Reductions in high rates of infant and maternal mortality and morbid- 
ity in North America resulted directly from the accumulation of statistical 
data. Only in the late nineteenth century did puerperal mortality become 
a matter of public concern in the newly formed democracy (Spreet, 
1980). The first US.  law requiring compulsory registration of deaths was 
passed in Massachusetts in 1842, beginning the accumulation of vital 
statistics that was to be instrumental in addressing medical issues in the 
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United States. In 1900 the U.S. Bureau of the Census began publishing 
vital statistics, but not until 1915 did the reliability of birth and death 
records increase with the establishment of the Birth Registration Area. 
In that year, the puerperal maternal death rate was 61 per 10,000 live 
births (compare to a current average of 4/100,000 in Canada; Steinberg, 
1989). Among the then top 20 industrialized nations, the United States 
ranked eleventh in infant mortality and seventeenth in maternal mortal- 
ity. Maternal mortality in Cincinnati alone was 94 per 10,000 births. 
Deaths from other causes during this same period declined significantly. 
For example, mortality per 100,000 from typhoid fever declined from 46 
to 17, diphtheria from 97 to 18, tuberculosis from 250 to 147, and 
pneumonia from 186 to 132. Overall mortality between 1900 and 191 5 
dropped from 17.2 to 13.2 /1,000. Currently, it is 8.7/1,000 in the United 
States and 7.4/1,000 in Canada. Worldwide, it is about 10/1,000 with a 
range of 241/1,000 (Steinberg, 1989). 

B. Practices of Indigenous Peoples 

Clues to controlling puerperal mortality existed among the indigenous 
peoples of North America who practiced relatively sophisticated obstet- 
rics well before the arrival of the Europeans. Harold Spreet, citing early 
records of surgeons who collectively spent many years among the 
American Indians, found little evidence of high maternal and infant 
mortality (Spreet, 1980). Numerous natural agents including oxytocics 
and analgesics were employed by native Indians and in many tribes 
elaborate preparations of the mother preceded the birthing process. In 
some tribes, parturition huts and midwives, usually older experienced 
women, facilitated birth. Breast feeding was virtually universal. Family 
size was relatively small because of prolonged breast feeding, voluntary 
abstinence, and the use of antifertility herbals that are only now receiving 
some attention as effective contraceptives. Indeed, the medical practices 
in general appear to have been well advanced over that of the Europeans. 
However, following European infiltrations and intermarriages between 
white men and native women, major obstetrical problems arose. Many 
native tribes opposed intermarriage, in part, for obstetrical reasons 
because of an associated increase in infant and maternal mortality that 
resulted from the delivery of babies too large to pass through the pelvis 
(Spreet, 1980). 
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111. GLOBAL INFANT A N D  MATERNAL MORTALITY 

A. Infant Mortality 

Infant mortality in some nations is astonishingly high. Rates are 
highest in Afghanistan and the Western Sahara (>150/1,000 births) and 
lowest in Iceland and Japan at 4/1,000 (U.S. Bureau of the Census, 1994). 
The rates correlate inversely to income and positively to the lack of 
medical services as measured by the number of physicians per 10,000 
population (Demographic Yearbook, U.N., 1992). Interestingly, the 
strongest correlation is to education as measured by literacy rate. Figure 
1,  based on 180 nations reporting health statistics to the United Nations, 
displays the relationship of infant mortality according to a quartile 
distribution of average per capita income. The data, when further segre- 
gated by percent literacy (also in quartiles) shows a clear association 
between income and literacy. Moreover, literacy is the stronger correlate. 
When the number of physicians per 10,000 population was factored into 
the analysis, it carried the least strength in the correlation (data not 
shown). It is apparent that national living standards, especially education, 
have a direct and positive impact on the mobilization of resources to 
reduce mortality. Living standards include daily caloric intake, hygiene, 
and access to health services. 

The global birth rate is 26/1,000 population with a range of 7-53 
according to nation. Infant mortality is 66/1,000 births with a range of 
4-164 by country (Demographic Yearbook, U.N., 1992). The World 
Health Organization estimates a current annual total of 9.4 million babies 
who die within their first year of life (World Health Statistics Annual, 
1994). This represents almost 20% ofthe 50 million annual deaths around 
the world. Fully one third of infant mortality occurs perinatally. Under 
the best of living circumstances, a calculated minimum number of 
premature births is about 14.5 million babies per annum, but it is 
probably much higher. As with maternal mortality, prematurity and infant 
mortality can be drastically cut without direct medical intervention since 
most of the tragedies of pregnancy occur in the poorer countries. In the 
United States, as in other developed nations, perinatal, fetal, and neonatal 
mortality rates steadily declined until about 1980, after which the rates 
have remained unchanged (Cunningham et al., 1993a) as displayed in 
Figure 2. The four principal causes of infant mortality in the United States 
are congenital anomalies (2 l%), sudden infant death syndrome (I WO), 
preterm birth and low birthweight (1 l%), and respiratory distress syn- 
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Figure 7. Global infant mortality rates according to average income segregated 
by quartiles. The inverse relationship is further segregated by percent literacy (also 
in quartiles). Regardless of mean national income, the highest mortality rates exist 
for populations with the lowest literacy (p  < 0.0001) used here as a measure of 
the educational structure within nations. 

Figure 2. The rate/l,OOO births of perinatal, fetal, and neonatal mortality in the 
United States continued to significantly decline until the 1970s. Since then, there 
has been no substantial change in mortality except a reduction in neonatal rates 
to less than that of fetal mortality from 1980. (Based on data from Cunningham et 
al., 1993a.) 
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drome (7%). Globally, prematurity is among the top 10 leading causes 
of childhood death and is associated with an estimated 430,000 deaths 
per annum (Wright, 1994). 

B. Maternal Mortality 

Maternal mortality is estimated at greater than one-half million 
women per year dying during childbirth (about 1,440 per day), most in 
underdeveloped nations (Steinberg, 1989; Wright, 1994). Of these, 1% 
occur in developed countries which represent about 20% of the world 
population. The remaining 99% is distributed within approximately 80% 
of the world population, representing an average 20-fold higher rate. 
Based on an estimated 148 million annual births, the global maternal 
mortality rate is 338/100,000 births versus about 10 or less in the 
industrialized Western societies. The goal for North America in the 1990s 
is a reduction to 5/100,000 births (Steinberg, 1989). High maternal 
mortality is directly linked to public health deficiencies, illiteracy, early 
marriage and multiparity, and cultural practices. An estimated 35% 
reduction in maternal mortality could be accomplished if women who 
desire no more children were able to practice family planning and avoid 
pregnancy in early and late reproductive ages and high parity that is 
associated with maternal mortality. Where high standards of living, 
application of family planning, and availability of good health care 
services exist, basic pathophysiologies of pregnancy including hemor- 
rhage, infection, unsafe abortion, hypertension, and obstructed labor 
remain the leading causes of maternal mortality (World HeaIth Statistics 
Annual, 1994). Less than one-half of all pregnancies around the world 
are delivered in an institution or with professional assistance (World 
Health Organization, 1992). 

IV. WHEN ARE BABIES BORN? 

The current estimate of early clinical pregnancy wastage (prior to 20 
weeks gestation) following implantation is 13% among young healthy 
pregnant woman (Cunningham et al., 1993b). The rate increases signifi- 
cantly with maternal age older than 30-34 years (Harlap et al., 1980). 
Premature birth is defined as birth between 20 weeks gestation to the 
thirty-sixth completed week. The percentage of total and cumulative 
births occurring prematurely and at term (37th+ weeks) is compared in 
Figure 3. Moreover, a comparison of birth weight and percentage sur- 
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Figure 3. Diagrammatic display of the percentage of total births for each gesta- 
tional age from 20 weeks onward, and the cumulative percent of births. Most births 
occur during the fortieth week and about 10% of all births occur before the 
thirty-seventh week. 

viva1 of babies in the most critical period of prematurity is detailed in 
Figures 4a and 4b, the latter showing survival as a function of fetal 
weight. These figures show that the probability of survival approaches 
98% by 33 weeks gestation and a birth weight of almost 1,900 grams 
(Copper et al., 1993). However, a high probability of survival (95%) is 
found at a birth weight of 1,250 grams (Figure 5). Among 1,262 births 
by women followed with diagnostic ultrasound at the Women's Hospital 

GESTATIONAL AGE 
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'22 L 24 26 28 30 32 

I FETAL WEIGHT 

Figure 4. Percent survival (solid lines) of infants born between 22-33 weeks (A) 
and by birthweight (B) during the same time period. Normal birthweights are 
plotted (broken line) by age in (A). Survival increases abruptly from 25 weeks or 
700+ grams. (U.S. data, based on Cooper et al., 1993.) 
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BIRTH WEIGHT CLASS (Grams) 

figure 5. Total and cumulative percentage of births based on classes of fetal 
weight, and percent survival (dashed line) demonstrating the high survivability of 
infants of 2,500 grams and greater. Low birthweights are classed as 2,500 grams 
and less. 
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Figure 6. Mean weights (dark solid line) of 1,262 singleton births by women 
followed with diagnostic ultrasound in the tertiary care Woman's Hospital. The 
ranges of weights (light lines) and individual stillbirths (dots) are included. See text 
for details. 
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in Manitoba, Canada, a tertiary care center, 129 (1 0.2%) were premature 
births of which 12 (9.3%) were stillborn. The birth weight versus the 
gestational age of all live births and stillborn births for both premature 
and term conditions is displayed in Figure 6. The percentage of stillborn 
infants was 0.95% between 20 and 44 weeks gestation, and 0.55% were 
delivered prior to 37 weeks. 

V. PRETERM BIRTHS AND DEATHS 

About one-third of low birthweight infants (<2,500 grams) may be 
chronologically mature (Gruenwald, 1963). These infants who are small 
for their gestational age are considered growth retarded. Fetal growth 
retardation does not imply risk of spontaneous preterm delivery and the 
etiologies differ markedly from those of premature labor. Indeed, fetal 
weight is a function not only of chronological age and pathophysiology, 
but also it is determined by maternal and familial factors resulting in 
constitutionally small babies who are otherwise normal and deliver at 
the appropriate time (Gardosi et al., 1992). Thus, while birthweight is 
linked to probabilities of infant survival, birthweight data on prematurely 
born infants is exclusive of the low weights of growth retarded fetuses 
born at term. 

The majority of perinatal deaths occur among infants born preterni. 
Birth data clarify the highest risk gestational ages and fetal weights for 
infant survival. The probability of survival is negligible between 20 and 
22 weeks, subsequently rising to approximately 15% by 25 weeks. 
However, the cumulative percentage of births at that time is very low 
(<2%). Above 25 weeks, the probability of survival increases dramati- 
cally with each week, rising to 90% by 30 weeks. Fetuses of 1,000 grams 
or more have a survival rate of 97%. Certainly for fetuses attaining a 
weight of 1,500 grams or more, the survival rate closely approaches 
100% (Creasy, 1994). 

Copper et al. (1993) report that of 33,401 pregnancies, 83% of 
neonatal deaths resulted at less than 37 weeks gestation and 66% oc- 
curred prior to 29 weeks. Among the latter deaths, twin infants were at 
a three to fourfold higher risk than singletons, and males had almost 
double the mortality rate of female infants. Noteworthy are reports of 
significantly higher male karyotypes among spontaneously aborted fe- 
tuses in early pregnancy prior to 20 weeks (Kellakumpu-Lehtinen and 
Pelliniemi, 1984) that may reflect a highly disproportionate rate of 
conception in favor of the male gender (Brockkov and Kostrava, 1973) 
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but is subsequently compensated for through miscarriage. Overall, it is 
well known that significantly more males are born than females, the ratio 
being approximately 106: 100 (Hytten, 1982). Thus, gender exclusion 
appears to continue even up to the twenty-ninth week of pregnancy and 
may, in part, account for, and reflect, a male component in premature 
labor onset. 

A. Etiologies 

Approximately two-thirds of preterm births are of idiopathic origins 
that provoke labor onset despite intact membranes (30%) or result from 
preterm rupture of membranes in 35% of cases (Arias and Tomich, 1982). 
The remaining 35% is associated with other fetal and maternal compli- 
cations principally including plural pregnancy, polyhydramnios, gross 
fetal and placental anomalies, fetal death, cervical incompetency, mater- 
nal systemic disease, and previous preterm delivery (Savity et al., I99 1 ) .  
Table 1 summarizes the main intrinsic and extrinsic factors associated 
with prematurity. Currently, preterm spontaneous rupture of membranes, 
chorioamnionitis, and amniotic fluid infection are receiving considerable 
attention in premature labor onset (Romero and Major, 1988). Under 
those conditions, respiratory distress syndrome and neonatal mortality 
are increased by three and fourfold, respectively (Morales, 1987). Trials 
of antimicrobial therapy have not as yet conclusively demonstrated 

Table 1. Risk Factors Associated with Preterm Birth 

Medical DemoPrapk 

Malformations of Uterus or Cervix 
Plural Pregnancy Socioeconomic Status 
Previous Preterm Birth Marital Status 

Poor Obstetric History Age 
Race 

Fetal Abnormalities 
Placental Anomalies 
Pretenn Membrane Rupture 
Polyhydramnios 
Urinary Tract Infection 
Chorioamnionitis 

Behavioral 
Smoking 
Inadequate Nutrition 
Excessive Physical Stress 

Intra-amniotic Infection Health Care Services 
Maternal Systemic Disease 
Fetal Death 

Inadequate Prenatal Care 
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Figure 7. Comparison of percent births by classes of birthweight to intensive care 
costs up to discharge (percent of expenditures) and the costhirth ratio demonstrat- 
ing the consumption of resources of preterm infants. 

prolongation of pregnancy or improved infant outcome (Christmas et al., 
1992). 

As a measure of the degree of care required by premature infants 
(measured in hospital days), Figure 7 compares the percentage of births 
by birthweight with corresponding costs, also expressed as a percentage 
of total expenditures for all births of infants of 500 grams and greater. It 
is clear that the cost of care for infants of 1,500 grams or less, consumes 
almost 95% of the monetary expenditures allocated for neonatal care. 

VI. HOW MUCH DOES PRETERM BIRTH COST? 

The true value of health care cost estimates is realized in the context of 
the calculated cost of a chronic clinical problem (service) versus the acute 
cost of solving the problem (research). Cost analyses reveal the extent 
of a condition because they require population statistics in their calcula- 
tions that are then compared to the incidence of adverse outcomes within 
the population being serviced after therapeutic regimens are instituted. 

In 1991 the United States had approximately 4,111,000 live births of 
which 23.5% were cesarean deliveries. The average cost of deliveries 
was $7,826 for cesarean and $4,720 for vaginal births. The prices include 
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physician and hospital fees. The average hospital stay for all deliveries 
was 2.8 days (Graves, 1993). The'actual cost of the birth of a premature 
infant is realized not in the delivery costs, but rather in the cost of 
postpartum medical care that is a function of fetal weight (see Figure 7). 
In 1984, Walker et al. (1 984) performed a cost-benefit analysis of care 
for low birthweight infants of less than 1,000 grams in the state of Rhode 
Island. The population of Rhode Island is about 1,000,000 persons. They 
calculated costs by 100 gram increments from 500 to 999 grams for 247 
premature infants and reported the cost per survivor (none survived at 
500-599 grams) to be $363,000 at 600-699 granis, $ 1  16,000 at 700-799 
grams, $101,000 at 800-899 grams, and $4 1,000 at 900-999 grams. For 
those 79 surviving, the average cost was $77,600 per baby, and the total 
cost was more than $6,000,000. Extrapolating those figures to the total 
number of live births in the United States, that is, about 0.50% are less 
than 1,000 grams and about 30% survive, the minimum cost of infants 
less than 1,000 grams is about one-half billion dollars. However, for all 
premature births, the total cost of care to discharge as well as long-term 
expenses has been calculated at almost three billion dollars annually 
(Schwartz, 1989). 

In Canada, health care costs differ from the United States because of 
the economics of our system of universal coverage. In the province of 
Manitoba, also with a population of 1,000,000 residents, the number of 
annual births approximates 16,000. Between 1979 and 1989 the average 
length of stay by birthweight class ranged from 2.5 (>2,500 grams) to 82 
(500-999 grams) days. The average number of births of less than 2,500 
grams was 728 per annum of which 602 survived to discharge. An annual 
average of 61 births were 500-999 grams of which 24 survived to 
discharge. Assuming a hospital per diem of $400, the total hospital cost 
of all surviving births was more than $24,000,000. By far, the greatest 
cost exists for birthweights of 500-999 grams ($101,680 per case) as 
compared to birthweights of 2,500+ grams ($1,000 per case). If by 
clinically delaying birth by shifting even 20% of low birthweights to the 
next highest weight class, the averted expenditures equate to more than 
$1,340,000 in hospital costs alone (Institute of Medicine, 1985; Mani- 
toba Centre for Health Policy and Evaluation Report, 1991; Manitoba 
Centre for Health Policy and Evaluation Report, 1993). Expenditures by 
birthweight are compared to infant survival before and after the calcu- 
lated 20% shift to the next highest weight class in Figure 8. Extrapolating 
those data to the entire nation with almost 29,000,000 persons (1994 
estimate), the hospital savings are approximately $39,000,000 annually. 
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figure 8. Manitoba demographics (1989) of number of discharged low birth- 
weight infants (solid dots) and hospital costs (open squares), and the calculated 
effect of a hypothetical shift of 20% of low birthweights to the next higher weight 
class (open triangles) on the hospital cost reductions (arrows). 

Thus, even relatively short-term delay of premature labor carries sub- 
stantial cost saving, not to mention the associated reduction in infant 
mortality that would be realized. 

VII. W H A T  CAUSES PREMATURITY? 

Prematurity has been a long-standing cause of perinatal mortality and 
morbidity. Although increased technology in neonatal care has improved 
the outcome of preterm birth, the direct causes of prematurity remain 
obscure and complex. Even with the introduction of tocolytic therapy, 
improvements in diagnosis of multiple gestation and placenta previa by 
ultrasound, as well as government funded nutrition programs, a signifi- 
cant decrease in preterm delivery rates has not occurred for more than 
two decades. Almost 9% of all neonates in the United States continue to 
be born before 37 weeks gestation (U.S. Department of Health and 
Human Services, 1986). Numerous factors associated with the risk of 
prematurity have been studied, including maternal age and race, educa- 
tion, occupation and working during pregnancy, social class, multiple 
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births, cigarette smoking and substance abuse, and previous pretem 
birth. 

The most disturbing demographics deal with maternal age and race. 
In the United States, a black woman is at least twice as likely to deliver 
a live neonate less than 2,500 grams than a white, Cuban, Mexican, 
Chinese, Japanese, or American Indian woman (U.S. Department of 
Health and Human Services, 1985). This discrepancy is seen in Figure 
9. Reasons for the difference are not understood since the gap remains 
even after matching for age, parity, education, marital status, perinatal 
care, nutrition, smoking, and substance abuse (Shiono and Klebanoff, 
1986; Kleinman and Kessel, 1987). The racial factor is so extreme that 
white mothers at the highest risk (less than 15 years of age) have a 
percentage of low birthweight deliveries similar to black women of ideal 
child-bearing age (Figure 10). Maternal age carries the highest risks 
during the teens and at 35 years and above. In the past few decades the 
delaying of childbearing has increased the population of women having 
their first child at the higher age of 35+ years (Manitoba Centre for Health 
Policy and Evaluation Report, 1991). 

Here in Manitoba with a substantial Native Indian population, there 
exists a surprising difference in the incidence of low birthweight deliv- 
eries between native and non-native women (Manitoba Centre for Health 

1 Black 
0 White 

20-27 2031 

GESTATIONAL AGE (Weeks) 

Figure 9. Percentage of US. preterm live births within gestational age categories 
and segregated by race. (Modified from US. Department of Health and Human 
Services, 1985.) See text and Figure 10 for details. 
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Figure 10. Percentage of U.S. low birthweight (LBW) infants by maternal age 
categories and segregated by race. (Modified from U.S. Department of Health and 
Human Services, 1985.) 

Policy and Evaluation Report, 1991). The incidence of delivery of low 
birthweight infants in the native population of first birth mothers less 
than 20 years of age is 43.3/1,000 live single births as compared to 
63.511,OOO for non-natives (Manitoba Centre for Health Policy and 
Evaluation Report, 199 1). The difference between 20-34 years of age is 
less but still favors the native women (51.1 vs. 53.7, respectively). For 
second to fourth births among women aged less than 20 years, the 
incidences are 52.1 versus 66.3 in favor of native women, but for ages 
20-34 the trend reverses to 53.1 versus 45.3, respectively. That finding 
contradicts the general belief that in all races teenage mothers are more 
likely to deliver low birthweight neonates than older mothers before the 
age of 35 years. 

Other factors include maternal smoking that decreases birth weight 
according to the number of cigarettes smoked per day (Wen et al., 1990). 
The contributions of alcohol consumption and drug abuse to prematurity 
are as yet unresolved but do relate to lower socioeconomic status that is 
a factor in premature birth (Lobe1 et al., 1992). Attempts to determine 
the effects of maintaining employment during pregnancy have produced 
contradictory findings. A review of data from 1959-1966 in the United 
States was unable to show that gestation was shortened in women who 
worked in the third trimester. However, newborn infants of mothers who 
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Figure 11. Percentage of births that are preterm following the first or second birth 
according to whether it was term or preterm. See text for details. (Data modified 
from Carr-Hill and Hall, 1985.) 

did work during pregnancy were found to weigh 1 5 W O O  grams less 
than newborns of mothers who remained at home (Nayey and Peters, 
1982). The issue of stress on pregnancy progression and outcome has 
raised interest because it has a direct relation to many of the other social 
factors such as smoking, education, social class, marital status, and 
maternal age that relate to prematurity. 

Another important aspect of preterm birth is the relationship between 
the increased occurrence of a second birth being preterm when it suc- 
ceeds a previous preterm birth (Figure 11). When the first birth is term, 
the chances of the next birth being preterm is only 5%. However, when 
an initial birth is preterm there is a 15% chance that the second birth will 
be preterm. If the first birth is term and the second birth is preterm, the 
chance that the next birth will be preterm is 25%. If the first and second 
births are preterm, the risk increases to a 32% chance that a subsequent 
birth will also be preterm. Inversely, with every birth that is not preterm, 
the risk of a subsequent preterm birth decreases (Carr-Hill and Hall, 
1985). Early spontaneous or therapeutic abortion appears not to influence 
the gestational period in subsequent pregnancies. 

VIII. HOW I S  PREMATURE BIRTH PREVENTED? 

As with maternal and infant mortality, prematurity is a function of both 
environmental conditions and maternal intrinsic factors. Environmental 
conditions relate mostly to standard of living, education, personal mental 
and physical hygiene, and availability of health care services. Improve- 
ment in those environmental conditions has a positive impact on preg- 
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nancy outcome, including prematurity. On the other hand, maternal 
intrinsic factors relate to underlying pathologies that are manifest even 
under the best of environmental conditions. However, there is evidence 
that past practices of therapeutic abortion by rapid and forceful dilatation 
and curettage increased the risk of prematurity by affecting cervical 
integrity (Mocsary and Csapo, 1978). 

Creasy ( 1  994) suggests that preterm prevention programs have a 
positive effect on reduction of prematurity in many, but not all, centers 
in the United States. However, Mustard and Roos (1954), reporting on 
12,646 Canadian women, found that while more lower birthweights 
occurred among those women with the lowest income and prenatal care 
utilization, the average weight difference as compared to the highest 
income women was only 58 grams. Moreover, maternal risk factors, 
including smoking and marital status, were higher among the lowest 
income group. However, they could find no substantial impact of an 
already high standard of prenatal care on birthweight in complicated 
pregnancies. Thus, the impact of universally available prenatal care 
services on identification and treatment of high risk factors benefit the 
health of mother and fetus. However, mothers who are noncompliant to 
prenatal advice jeopardize their pregnancy outcome. 

Here at the Women’s Hospital in Manitoba, Canada, efforts to even 
further enhance prenatal care services for pregnant adolescents failed to 
significantly improve outcome over the already intensive care program 
currently in place (Drs. Margaret Morris and C. Burckhardt, unpublished 
observations). This does not argue for reduction in prenatal care services, 
but rather, it demonstrates the effectiveness of intensive prenatal care 
leaving maternal noncompliance to prenatal health advice as a risk factor 
requiring serious attention. Thus, in a society with one of the highest 
living standards and a universally accessible health care system, we 
suggest that the manifestation of prematurity is principally due to intrin- 
sic biological reproductive failure. In Canada as of 1989, the incidence 
of low birthweight was approximately 55/1,000 live births. The theoreti- 
cal threshold is believed to be 3&35/1,000 (Manitoba Centre for Health 
Policy and Evaluation Report, 1991). Therefore, to further reduce pre- 
maturity below threshold, it is essential to address the underlying nature 
of the physical causes of labor initiation and progression toward retaining 
the fetus at risk in its mother’s womb until it is able to survive without 
mechanical and pharmacologic support. Currently, tocolytic therapy to 
prevent labor and prolong gestation is the strategy of choice for prema- 
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turity. Unfortunately, the efficacy of tocolysis in significantly reducing 
preterm birth is less than expected. ' 

IX. WHAT INITIATES A N D  SUSTAINS LABOR? 

The current state of knowledge of the mechanism of labor is presented 
in a number of scholarly works on parturition in other chapters in this 
volume. However, it is becoming clear that the manifestation of parturi- 
tion commences well in advance of the uterine contractions and cervical 
dilatation associated with definitive labor. Indeed, there is no clear 
definition of when parturition actually begins. While we think of labor 
as an active process, some suggest that it may be the suspension of phase 
0 uterine quiescence that initiates labor (Cunningham et al., 1993~).  That 
is, until near the end of pregnancy the state of nonlabor may be an active 
paralysis of uterine activity as opposed to a passive quiescence awaiting 
stimulation. Thus, labor onset would not require de novo synthesis of 
biochemical initiator(s) or uterotonins but rather, it may require a sus- 
pension of quiescence. Alternatively, the quiescent uterus may require 
stimulation for the onset and maintenance of contractility. However, 
outside of pregnancy and even in early pregnancy, the uterus is far from 
being a quiescent organ. Rhythmic retrograde myometrial contractions 
have been identified in nonpregnancy, pregnancy up to 10 weeks, and in 
post-menopausal women suggesting that variable and directional uterine 
contractions are characteristic of different physiologic states (de Vries et 
al., 1990). 

Studies of the endocrine and chemical interactivity between mother, 
fetus, and placenta in pregnancy, labor onset, and progression remain 
incomplete. Good animal evidence exists to suggest a dominant fetal role 
in initiating the process that originates in the fetal brain, specifically the 
hypothalamus (McDonald and Nathanielsz, 199 1). The fetus as master 
of its own destiny is readily seen in egg-laying animals, including the 
few oviparous mammals, and to a great extent in marsupial, bovine, and 
ovine species. Thus, the concept of fetal control over the timing of the 
birthing process is not unprecedented in nature. However, while certain 
fetal abnormalities including anencephaly, fetal adrenal hypoplasia, and 
placental sulfatase deficiency are associated with the prolongation of 
gestation or dysfunctional labor, delay of labor onset is not always 
observed. Moreover, labor onset is known to occur even after fetal death 
(Cunningham et al., 1993~).  Thus, there may be a number ofmechanisms 
from which mother or fetus can draw upon to initiate labor. 



Preterin Childbirth and Reproductive Mortality 215 

Parturition requires uterine responsiveness at the level of both the 
cervix and the myometrium (Figure 12). Throughout most of gestation 
the cervix is rigid and the cervical canal is closed with a thick plug of 
mucus. The myometrium is relatively quiescent but irregular painless 
contractions do occur from as early as the first trimester. As term 
approaches, the contractions increase and are particularly apparent in the 
last one to two weeks of gestation. These non-laboring contractions are 
called Braxton Hicks contractions and are often responsible for false 
labor hospital admissions. 

Key to successful labor is progressive cervical softening and dilatation 
that requires the breakdown of collagen, the major component of the 

UTERUS UNRESPONSIVE 

NO LABOR 

PARTURITION 

I) BIRTH 
RESPONSIVE 

I] r] 
[-imEm E=- rEzcEiEII. 
TRANSITION uaoR INVOLUTION 

Progeltarone? O w d n  recaptors OxytDdn 
Other st.mldi? Pr03kglMdh 8ynRenls PrDstaglandlnn 
Protein hormonw? Connewln Calclum Influx lactorn 
Glyeoproteln hormonw? ReIaxJn Cytoklnes 
Nltrlc oxide {Other?) (Olhar) (Other) 

a INTERVENTIONS P 
INDUCTION TOCOLYSIS 

0 Prostaglandins 
0 Oxytocln rl Magneslum sulphats 
0 Laminaria 

0 0-adrenergic receptor stimulants 

0 Prostaglandin synthase inhlbitors 
0 Calcium channel blockers 

ACTIVATION DEACTIVATION 

Figure 12. Summary of uterine changes from a rigid cervix and quiescent 
myometrium to activation of parturition. The model favors an inhibitory influence 
(Uterohibin?) to maintain uterine unresponsiveness. Characteristic of parturition is 
when the uterus becomes refractile either by the removal of inhibitory factors or 
by the appearance of regulatory uterotropin factors. Active labor involves known 
functional uterotonins. Below are listed interventions that are known to pharma- 
cologically or physically (Laminaria) activate (induction) or pharmacologically 
deactivate (tocolysis) labor. 
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cervix. The smooth muscle of the myometrium must also become sensi- 
tized from a quiescent to a contractile tissue. The events leading to these 
changes occur gradually over the last few weeks of pregnancy. Once 
initiated, a number of compounds and newly generated receptors come 
into play in the orchestration of labor and delivery. Prostaglandins, 
oxytocin, relaxin, myometrial gap junction formation, and generation of 
specific receptors, steroid secretion, cytokine formation, nitric oxide and 
oxygen radicals, and numerous other factors have been found associated 
with the process of labor. However, there is as yet no identifiable acute 
endocrine or biochemical event that precedes labor onset in the human. 
Thus, that parturition has begun continues to be a call made by the 
parturient. The major clinical problem with labor onset is when it occurs 
prematurely at a time when the fetus is developmentally unprepared for 
birth. The intervention then is to attempt to arrest labor by provoking the 
contractile myometrium to the quiescent state through tocolytic therapy. 
In many women, labor, once initiated, appears to be irreversible due to 
tocolytic resistance. In other women where tocolytic therapy is contra- 
indicated, the birth necessarily proceeds. 

X. TOCOLYTIC AGENTS 

Tocolytic agents are used to delay delivery in women experiencing 
premature labor via mechanisms that control or inhibit uterine smooth 
muscle contractions (Alexander et al., 1993; Creasy, 1994). Tocolysis 
literally means “to destroy birth.” These agents are efficacious in delay- 
ing delivery for 1-3 days and may thereby improve the neonate’s 
probability of survival (Graber, 1992; Alexander et al., 1993; Creasy, 
1994). This becomes especially important at the crucial stage of 24-27 
weeks gestation where delaying delivery by even a few days may benefit 
the neonate (Wilkins and Creasy, 1990). Nevertheless, controversy re- 
mains as to whether tocolytic use has resulted in a consistent decrease in 
premature births or a decrease in perinatal mortality and morbidity. The 
most widely used tocolytic agents are the beta adrenergic agonists (beta 
mimetics) and magnesium sulfate, followed by prostaglandin synthase 
inhibitors and calcium antagonists or calcium channel blockers, all of 
which have about equivalent effectiveness (Graber, 1992; Creasy, 1994). 

Only 20-30% of women in premature labor are eligible to receive 
tocolytic therapy. The efficacies of the various tocolytic agents are 
comparable to each other and depend on factors such as gestational age 
at the time of tocolytic therapy, amount of cervical dilatation, and degree 
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of effacement, intact or ruptured membranes, and infection (Wilkins and 
Creasy, 1990; Alexander et at., 1993). 

A. Beta Mimetics 

Beta-adrenergic agonists operate on myometrial cell membrane re- 
ceptors to activate adenylate cyclase in the conversion of ATP to CAMP. 
In turn, the increase in intracellular CAMP activates CAMP-dependent 
protein kinase that decreases intracellular calcium, leading to reduced 
myometrial contractility. The beta-adrenergics include isosuprine, hexo- 
prenaline, fenoterol, orciprenaline, ritodrine, salbutamol, and terbutaline 
(Creasy, 1994). Side effects of the beta mimetics include maternal 
hypotension, tachycardia, cardiac arrhythmias, myocardial ischemia, 
chest pain, and pulmonary edema (Wilkins and Creasy, 1990; Beckman 
et al., 1992; Graber, 1992; Creasy, 1994). Since most of the beta adren- 
ergics cross the placenta, adverse effects on the fetus include mild 
tachycardia, focal myocardial necrosis, abnormal fetal rhythms, abnor- 
mal electrocardiograms, congestive failure, and hydrops (Creasy, 1994). 
Prolonged exposure to beta-adrenergic agonists leads to downregulation 
of the receptors and desensitization to treatment (Caritis et al., 1988). 

B. Magnesium Sulfate 

Magnesium sulfate is proposed to decrease uterine smooth muscle 
contractility by antagonistically competing with intracellular calcium. 
Maternal side effects of this tocolytic include flushing, nausea, muscle 
weakness, chest pain, pulmonary edema, headache, nystagmus, dizzi- 
ness, lethargy, dryness of the mouth, blurred vision, transient ischemia, 
urticaria1 eruption, maternal hypothermia, and neuromuscular blockade. 
The effects on the fetus include respiratory and motor depression, 
decreased muscle tone, and drowsiness in the neonate. Prolonged therapy 
can result in demineralization of long bones and congenital rickets 
(Wilkins and Creasy, 1990; Beckman et al., 1992; Creasy, 1994). 

C. lndomethacin 

Evidence suggests that prostaglandins mediate uterine contractions by 
increasing myometrial gap junctions and intracellular calcium. The 
prostaglandin synthase inhibitors such as indomethacin, aspirin, 
naproxen, and fenoprofen decrease uterine contractions by inhibiting 
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activity of the cyclo-oxygenase enzyme that converts arachidonic acid 
to the various prostaglandins. Materhal side effects with these tocolytics 
include postpartum hemorrhage and gastrointestinal effects (Creasy, 
1994). Prolonged use is associated with headaches, dizziness, depres- 
sion, psychosis, as well as oligohydramnios which is thought to be a 
result of decreased urine output by the fetus. Indomethacin readily 
crosses the placenta and exposure in utero may cause pulmonary hyper- 
tension in the fetus due to closure of the ductus arteriosus, abnormal 
cardiopulmonary adaptation in the neonate (Graber, 1992; Creasy, 1994) 
and growth retardation (Beckman et al., 1992). 

D. Calcium Channel Blockers 

Calcium channel blockers such as nifedipine are proposed to inhibit 
intracellular calcium influx through either cell membrane depolarization 
or receptor interference, and thereby inhibit uterine smooth muscle 
contractility. Side effects with this tocolytic include vasodilation, flush- 
ing, transient headache or nausea, hepatotoxicity (Creasy, 1994), a 
possible decrease in uteroplacental blood flow, fetal hypoxia, and hyper- 
capnia (Beckman et al., 1992). 

E. Antibiotics 

There is increasing evidence that ascending infection by pathogenic 
organisms may involve the cervix and fetal membranes resulting in the 
release of prostaglandins, uterine contractility, and in some cases, spon- 
taneous premature rupture of membranes. Broad spectrum antibiotic 
treatment may therefore reduce the risk of labor progressing to delivery. 
Prophylactic antibiotic administration before labor has yet to be proven 
effective. Some recent reports suggest treatment efficacy in prolonging 
gestation in women between 26 and 34 weeks gestation with singleton 
pregnancies and intact membranes (Norman et al., 1994). Broad spec- 
trum antibiotic treatment following membrane rupture in the same 
gestational age range is also reported to significantly prolong the latency 
period (Christmas et al., 1992; Owen et al., 1993). However, Romero et 
al. (1993) were unable to detect a significant beneficial effect of antibi- 
otics in preterm labor with intact membranes. 
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F. Nitric Oxide 

A new tocolytic agent that is being investigated in the management of 
premature labor is nitric oxide. Nitric oxide is a potent vasodilator 
produced by endothelial cells and causes smooth muscle relaxation in 
not only the vasculature but also in the intestine and the uterus. The onset 
of labor in animals is associated with decreased nitric oxide synthesis in 
the uterus. In a recent study, the use of glyceryl trinitrate (a nitric oxide 
donor) patches applied to the abdomen of 13 women in premature labor 
at 23-33 weeks gestation, inhibited uterine contractions and prolonged 
pregnancy by an average of 34 days. There were no cardiorespiratory 
effects on the fetus or neonate, and maternal side effects associated with 
this therapy were also minimal, with one-third of patients reporting a 
headache when more than one patch was applied (Lees et al., 1994). 
While this tocolytic therapy appears promising, hrther clinical trials 
using larger populations are needed to establish its safety and efficacy. 

G. Contraindications for Tocolytic Therapy 

All the tocolytic agents are associated with serious side effects to both 
the mother and fetus. Tocolytic therapy is contraindicated for prolonging 
pregnancy in cases of chorioamnionitis, fetal death, or severe pregnancy 
induced hypertension (Wilkins and Creasy, 1990). Other contraindica- 
tions include advanced labor, a mature or anomalous fetus, significant 
vaginal bleeding (Beckman et al., 1992), premature rupture of mem- 
branes, and intrauterine growth retardation (Graber, 1992). Beta-adren- 
ergic therapy is especially contraindicated in cases of known cardiac 
disease (Creasy, 1994), thyrotoxicosis, and hypertrophic subaortic 
stenosis (Wilkins and Creasy, 1990), whereas indomethacin therapy is 
contraindicated in patients with drug-induced asthma, coagulation dis- 
orders, hepatic or renal insufficiency, and peptic ulcer disease (Creasy, 
1994). 

Because tocolytics have a minimum effect in arresting labor, time 
gained is often used to pharmacologically promote fetal lung maturation. 
The administration of corticosteroids in patients with intact membranes 
promotes fetal lung maturation and decreases the incidence of respiratory 
distress syndrome in neonates less than 34 weeks gestation if a minimum 
of 24 hours lapses before delivery. Corticosteroid treatment in patients 
with ruptured membranes has also been shown to decrease the incidence 
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of neonatal respiratory distress syndrome without increasing neonatal 
infectious morbidity (Wilkins and Creasy, 1990). Moreover, corticos- 
teroid therapy appears to decrease the incidence of intracranial hemor- 
rhage, necrotizing enterocolitis, and neonatal death (Graber, 1992). A 
common strategy for prematurity now is the combined use of in- 
domethacin for tocolysis and administration of betamethazone to induce 
fetal lung maturation (Cunningham et al., 1993d). 

XI. CONCLUSIONS 

Prevention of prematurity requires strategies that address extrinsic and 
intrinsic deficiencies that provoke the onset of preterm labor. Extrinsic 
causes relate to living conditions while intrinsic factors relate to patholo- 
gies of pregnancy, genetics, and other as yet unknown biological defi- 
ciencies. Solutions to the environmental equation are well known and 
similar to the evolution of the reductions in maternal and infant mortality 
that accompanied the dramatic upward swing in the socioeconomic 
development and standard of living in North America and other advanced 
regions of the world. However, discrepancies between living standards 
within nations continue as indirectly causative of higher than normal 
prematurity, and infant and maternal mortality rates. 

At the biological level, hndamental research into the mechanism of 
labor onset and progression is required if the rate of premature childbirth 
is to be reduced to threshold and below. Current research focuses on the 
endocrinology and biochemistry of labor, studies on the molecular 
biology of labor initiation, and the role of maternal infection and disease 
in preterm labor onset. Because of the numerous etiologies of preterm 
labor onset, it can be expected that research will identify a variety of new 
solutions and therapeutic regimens to fit the specific causes. As solutions 
are defined, interventions will evolve to prolong labor in appropriate 
cases toward shifting the time of delivery until the fetus reaches a higher 
weight class compatible with both survival and long-term health. 

D E D I CAT I 0 N 

Dr. James G. Allardice died suddenly in early 1996. This chapter, which 
he coauthored, is dedicated to his memory as an exceptional obstetrician 
and colleague. 
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