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A B S T R A C T

Oxytocin (OT) and its receptor (OTR) a r e  synthesized in the 

endometrium and myometrium o f the pregnant r a t  during late gestation. In 

both tissues, OT and OTR may be regulated by estrad io l (E2) and progesterone 

(P4), and the immune system. The P4 receptor (P R ) has at least three major 

isoforms, PR-A, PR-B and PR-C. In general, P R -B  is the stronger 

transactivator, and PR-A and PR-C act as inh ib ito rs o f  PR-B and other nuclear 

receptors. PR  gene expression is also responsive  to E2 or P4.

M aternal serum E2 increased and P4 declined  throughout late gestation. 

Uterine OT mRNA increased on approxim ately «day 16. Uterine OTR peptide 

increased on the morning o f  delivery. U terine O T  peptide increased only 

during parturition. Parturition was significantly delayed by 24 h by the 

estrogen antagonist tamoxifen (TAM). TA M  infiibited the increase in OT 

mRNA and peptide. W ith TAM, the significant increases in uterine OTR and 

PGE2 w ere significantly delayed, but still o ccu rred  before the delayed 

parturition. The P4 antagonist RU486 caused p reterm  parturition 

approximately 27 h after treatment and significantly  blocked the increase in 

OT mRNA. O TR mRNA and peptide, as w ell a s  PGE2 and PGF2a were 

significantly increased within 12 hours after RU-486.
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PR-total (PR-A, PR-B and PR -C ) mRNA increased significantly with 

maximal levels on the day o f  parturition. PR-B m RNA did not change 

significantly, suggesting an increase in  PR-A and/or PR-C in late gestation. 

TAM  inhibited the increase in PR -total mRNA and RU486 increased PR-total 

mRNA.

Administration o f  lipopolysaccharide during late gestation was 

extremely toxic to pregnant rats and gave extremely variable results. 

Interlukin-6 caused a significant increase in O TR m RNA level in uterine 

explants from pregnant rats but not in  tissues from non-pregnant animals.

W e conclude that: 1) E2 stim ulates the synthesis o f  O T and O TR within 

the rat uterus and is essential for norm al parturition; 2 ) w ithdrawal or 

antagonism  o f  P4 increases uterine O T R  and PGs; 3) PR-A and/or PR-C 

expression increases in late gestation; and 4) The pro-inflamm atory cytokine 

IL-6 increases expression o f  O TR in uterine explants. W e speculate that these 

mechanisms may be involved in the regulation o f  the tim ing o f  parturition.
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1. IN T R O D U C T IO N

1.1. RATIONALE O F STUDY

Oxytocin (OT) is a nonapeptide (9-am ino acid molecule) that was 

discovered nearly a century ago. Its physiological functions are still no t fully 

determined. Until the past decade, most researchers believed that OT w as 

produced exclusively in the supraoptic and paraventricular nuclei o f  the 

hypothalamus. Its physiological functions w ere to augment m ilk-ejection by 

stimulation o f  the myoepithelial cells o f  the m am m ary gland or to stim ulate 

uterine contractions. In 1991, synthesis o f  OT m R N A  was demonstrated in 

human the decidua and amnion o f  late human pregnancy (1). Subsequently, 

investigations revealed similar findings in various species including the rat (2,

3). Although an endocrine role for OT in the initiation o f  labour rem ains very 

controversial, these new  findings led investigators to study the biological 

mechanisms and physiological functions o f  intrauterine OT during pregnancy 

and at parturition. This thesis represents som e o f  these studies.

OT acts through a specific cell m em brane receptor. OT receptors 

(OTR) can be found in both human and rat intrauterine tissues (4, 5). In 

essentially all species, the concentration o f  O T R  in intrauterine tissues is 

increased at the tim e o f  parturition (4, 6). H ow ever, O TR may play another 

role rather than direct stimulation o f  myometrial contractions. OTR can 

stimulate other powerful uterotonic agents, prostaglandins (PGs), in uterine 

tissues. The relationships among intrauterine O T, O T R  and PGs in late 

gestation will be exam ined in this thesis.

Despite extensive study, the regulation o f  O T and OTR remains unclear. 

M ost research suggests that the sex steroids, estrogen and progesterone (P 4 ), 

are important in controlling the production o f  local O T and OTR in late 

gestation. P4 is produced during pregnancy by the  corpus luteum in the rat and

1
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luteolysis in late gestation causes a significant decrease in P4 levels (7). In 

contrast, P4 is produced predom inantly by the placenta in hum an pregnancy. 

Diurnal and/or local variations may cause an increase in the estrogen/P4 ratio in 

the human uterus (8, 9). These changes in the estrogen/P4 ratio may influence 

gene expression o f  uterine O T and its receptor. Inflammatory cytokines such 

as interleukin-1 (IL-1), IL-6 and tumor necrosis factor-alpha (T N Fa) 

accumulate in intrauterine tissues and amniotic fluid near the tim e o f  labour 

onset and this is particularly significant in pregnancies com plicated by 

intrauterine infection. The prom oter o f  the OTR gene in several species shows 

many response elements that m ay interact with inflammatory cytokines. This 

suggests that immune m odulators may have an important role in controlling the 

synthesis o f  OT and/or O T R  in late gestational intrauterine tissues. The nature 

and roles o f  these m ediators w ill be further investigated in this thesis.

The normal length o f  hum an gestation is 38 to 42 weeks. Labour 

initiated prior to 37 com pleted weeks o f  gestation is considered preterm. 

Preterm delivery occurs in approximately seven per cent o f  all births in 

Canada. However, 75 per cent o f  perinatal deaths and long term  disabilities 

are related to preterm births, mainly because the organ systems in preterm 

babies have not m atured sufficiently to adapt to extrauterine existence. The 

financial and emotional costs that these bring to the families and to the health 

care system are trem endous. One o f  the unresolved questions o f  reproductive 

biology is, “What initiates labour?” Until the mechanisms that initiate human 

labour are fully understood, it is unlikely that a rational approach to the 

development o f  effective preventative or therapeutic strategies for prevention 

o f  preterm labour will be devised. Some o f  the studies in this thesis will 

address the role o f  intrauterine OT and OTR in a model o f  preterm  labour.

Recently, OT antagonists that block signal transduction at the OTR have 

been developed. These m ay be useful in preventing preterm birth in pregnant

2
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women. This thesis provides new  data that m ay permit better understanding o f  

the role o f  OT, OTR and their related factors in the process o f  parturition. This 

information may help to design better strategies for potential clinical use o f  OT 

antagonists and other pharmacological agents.

1.2. HYPOTHESIS AND PURPOSE

Our hypothesis is that intrauterine O T and its receptor play important 

roles in the initiation o f  labour. Further, the synthesis o f  these factors in 

intrauterine tissues is regulated by various factors including sex steroids and 

mediators o f  the immune system. The purpose o f the studies contained in this 

thesis is, through development o f  a rat model, to investigate the paracrine or 

autocrine roles and the mechanisms o f  regulation o f OT and OTR at the tim e o f  

parturition. This information may lead to better understanding o f the 

physiological mechanisms that regulate the tim ing o f parturition either a t term 

or preterm.

1.3. SPECIFIC AIMS

The specific aims o f the studies in this thesis are:

1) To determine, during late rat gestation and parturition, the uterine 

concentrations o f mRNA and protein for OT, O TR and their potential 

regulators, including receptors for estrogen and P4.

2) To determine the effects o f  the estrogen antagonist, tamoxifen 

(TAM ) on rat gestation and to investigate the changes in uterine OT 

and O TR gene expression and other related factors after TAM  

treatm ent in late gestation.
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3) To determine the effects o f  the P4 antagonist, RU-486, on rat 

gestation and to investigate the changes in uterine OT and O TR gene 

expression and other related factors after RU-486 treatment in late 

gestation.

4) To determine the m RNA levels for P4 receptor isoforms in rat uterine 

tissues in late gestation and to determine the effects o f  sex steroid 

antagonists on isoform gene expression.

5) To explore the effects o f  IL-6 or endotoxin on OT and OTR gene 

expression in late gestation rat uterus.

6) To evaluate the rat as a potential model for human parturition

1.4. THE ANIM AL M ODEL USED IN THIS THESIS

The choice o f  the rat as experimental animals in this thesis study was 

dictated by several considerations;

1) availability and the relatively low price for animals;

2) relatively short gestational length and ease o f  experimental 

manipulation;

3) ability to produce data w ith relatively large n values;

4) availability o f  information concerning reproductive endocrine, 

paracrine and autocrine systems including sex steroids and OT gene 

expression;

5) availability o f  necessary reagents for experimental assays.
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1.5. R EV IEW  O F SELECTED LITERATURE

1.5.1. H istorical Perspectives

Physiological research at the beginning o f  this century indicated the 

existence in the neurohypophysis o f  substances that caused vasoconstriction 

and “rapid birth” in animal models. In 1906, the British scientist Sir Henry 

Dale dem onstrated for the first time that intravenous injection o f  posterior 

pituitary extract stim ulated frequent uterine contractions in gravid cats ( 10). 

Blair-Bell used this extract clinically to treat the serious haemorrhage during a 

cesarean section, proposing it as a cure for postpartum uterine atony ( 11). 

About the sam e tim e, several investigators recognized that neurohypophysial 

extract also had a pow erful “galactogogic effect”(milk secretion activity) on 

the mammary gland (12, 13). It was not until 1953 that Du Vigneaud (14) 

purified and chem ically characterized hormones from the posterior pituitary 

extract and term ed them  oxytocin (from the Greek oxns, meaning sharp and 

tokos, referring to childbirth) and vasopressin (VP).

In the 1940’s, the posterior pituitary extract was introduced into clinical 

practice to stim ulate labour (15). In 1953, Du Vigneaud (14, 16) synthesized a 

product that was chem ically and physiologically identical to the biological 

hormone. For this contribution, that marked the first synthesis o f a polypeptide 

hormone, he was awarded the Nobel Prize in 1955. The structure o f  the OT 

gene was elucidated 30 years later (17). Until the last decade, investigators 

believed that OT w as synthesized solely in the hypothalamus. It was carried in 

neurosecretory granules, stored in the axon terminals in the neurohypophysis 

and released into the circulation on appropriate stimulation (18). The principal 

biologic properties o f  OT w ere its uterotonic and milk-ejection effects. Fuchs 

et al. (19) first proposed that OT was indeed involved in regulation o f  hum an 

parturition based on their ow n work and that o f  many others.

5
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1.5.2. Oxytocin

1.5.2.1. Synthesis and Release o f  OT

1.5.2.1.1. OT in the Brain

Traditionally, OT is considered an endocrine hormone that is 

synthesized in the cell bodies o f  the m agnocellular neurons in the 

paraventricular (PVN) and supraoptic (SON) nuclei o f  the hypothalamus. The 

neurosecretory m aterial is transported in vesicles along the axon, stored in 

secretory granules in the neurohypophysis and released into the circulation to 

stimulate uterine contraction during late pregnancy and labour or milk-ejection 

during lactation. Exocytosic secretion is regulated by physiological signals, 

such as distension o f  the birth canal at the tim e o f  fetal expulsion during labour 

(20) or suckling during lactation (18).

OT is secreted from the neurohypophysis in a pulsatile fashion with a 

definite circadian rhythm pattern. Its half-life in the blood is approximately 90 

seconds (21). In human and non-hum an prim ates, the highest plasm a 

concentration o f  OT is observed at night. In the rat, a nocturnal animal, OT 

secretion has been found to increase during the day and to fall during the night 

(22). In late pregnancy, there is a variation in the circadian rhythm o f  OT 

secretion in the hum an (8) and the rhesus m onkey (23). Some investigators 

have suggested that variations in the pulsatile secretion pattern are responsible 

for the onset and maintenance o f  hum an labour (24) (see below).

In addition to the hypothalamus, OT is also found in many areas o f  the 

central nervous systems. Some investigators found that in the hum an brain the 

highest concentration o f  OT outside the hypothalamus was in the locus 

coeruleus (25), the area from which many o f  the noradrenergic pathways o f the 

brain originate. The functions o f  OT from these varied brain regions may 

involve the process o f  memory (26) and several behavioral characteristics 

including sexual and maternal instincts (27, 28).
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I.5.2.I.2. OT in Reproductive Tissues

Recently, OT m RNA and peptide synthesis have been found in human 

decidual (29) and rat endometrial (2) cells in late pregnancy. OT mRNA in rat 

uterus is essentially the same as that expressed in the hypothalamus but has a 

shorter polyadenylate (poly-A) tail (30). In eukaryotic genes, the poIy-A tail 

has a role in increasing m RNA stability and translational efficiency. 

M odification o f  the length o f  the poly-A tail o f  OT mRNA in rat hypothalamus 

has been observed during pregnancy and lactation, relating to elevation o f  OT 

secretion and biosynthesis in these periods (30). The processes o f  OT 

secretion and post-translational processing appear to be sim ilar in intrauterine 

tissues and in the hypothalamo-neurohypophysial system.

OT is expressed in the corpus luteum o f  the ovary in ovine (31), bovine 

(32) and human (33) species. In the bovine, OT is believed to  mediate 

luteolysis by promoting the release o f  Iuteolytic PGF2a from uterine 

endometrium (34). The role o f  OT in human ovarian function is not known 

with certainty and the changing OT levels in the peripheral blood o f  women 

during the menstrual cycle originate from the pituitary and not the ovary (35). 

Some studies suggest that ovarian OT can act in a paracrine m anner to regulate 

steroidogenesis (36).

Several research groups reported that OT is present in the Leydig cells 

o f  the testis o f  several species including man but in much sm aller quantities 

than in the ovary (37, 38). The presence o f  OT mRNA indicated local 

synthesis (39). The studies suggested that local hormone synthesis in the testis 

is responsible for promoting the propulsion o f  spermatozoa (40).
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1.5.2.1.3. OT in Other Tissues

Adrenal gland

Both m RN A  and peptide for OT have been identified in hum an and rat 

adrenal glands (37). The functional significance o f  adrenal OT is no t yet 

certain. There is som e evidence that OT may be involved in adrenocortical 

function since perfusion o f  the isolated rat adrenal gland with OT specifically 

inhibited acetyl choline-stim ulated aldosterone production (41).

Thymus:

OT is found in the hum an thymus in surprisingly large amounts (42). It 

is present in the nurse cells and m RNA studies have revealed that it is 

synthesized in the thym ic epithelium  (43). It has been reported that OT has 

lymphokine activity in vitro  (44).

Pancreas

High concentrations o f  OT have been identified in the human and rat 

pancreas (45) but there is no evidence to show actual synthesis o f  the peptides 

within the organ. T he concentration o f  OT in pancreatic tissues is enough to 

stimulate the release o f  glucagon but not insulin, into the medium (46).

Several studies in rats, dogs and humans indicated that pancreatic O T was 

involved in regulation o f  blood glucose and glucagon levels (47, 48).

However, physiological functions o f  OT in the pancreas remain to be further 

investigated.

I.5.2.2. Gene Structure o f  O T

The OT precursor contains the nonapeptide OT as well as a 10 kDa 

protein, OT-associated neurophysin I (NP-I). The sequences o f  OT genes for 

the rat (49, 50), the hum an (51), the bovine (52), and the mouse (53) have been

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



determined. Restriction analysis o f  genom ic DNAs has revealed only one copy 

o f  the O T  gene. The gene contains three exons encoding the principal 

functional domains o f  the polypeptide precursors (Fig. 1-1 a). The first exon

(A) comprises the 5 ’noncoding prom oter region, a putative signal peptide, OT 

nonapeptide, and the NH2-terminal, variable region o f  NP-I. The second exon

(B) encodes the central, conserved region o f  NP and the third exon (C) encodes 

the rem aining COOH terminus o f  N P-I and the untranslated sequence.

The gene encoding the related peptide arginine VP (AVP) has a very 

sim ilar organization. In fact, these tw o genes are closely linked w ith an 11 or 9 

kb intergenic DNA sequence in the rat (50) or human genomes (51, 54). They 

are oriented in such a way that transcription o f  the two genes occurs on 

opposite DNA strands. Both OT and A V P are nonapeptides that differ from 

one another in only two positions, at am ino acids 2 and 8 though they control 

quite different functions. Similar to OT, the VP precursor also contains an 

associated polypeptide termed NP-II. Com parisons o f  the mRNA sequences 

(55) and protein sequences (39) for the OT and AVP precursor hormones from 

all species presently sequenced indicate a  remarkably high degree o f  hom ology 

in the part encoding the central region o f  the NPs.

The OT gene promoter region contains several elements that resem ble 

know n transcription factor binding sites (Fig. 1-lb). Most o f  these are 

conserved am ong specfes such as human, mice, rats, and cows. In both rat and 

human, prom oter regions o f  OT gene contain several response elements for the 

estrogen receptor (ER) (56, 57), retinoic acid receptor (58), and thyroid 

horm one receptor (59). Human OT prom oter contains an imperfect 

palindrom ic sequence (at -164) and several functional half palindromes for ER. 

The composite at —164 is also capable o f  interacting with a third m em ber o f  the 

steroid receptor superfamily, mainly the orphan receptor COUP-TF. Very 

recent studies showed that the orphan receptors interact with a much higher
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affinity to the estrogen response element (ERE) located in hum an OT gene 

prom oter than do the steroid receptors (60). In rat OT gene promoter, three 

EREs are identified but only two o f  them are functional (located between —188 

and -54) (57). A  DNA sequence identical to one o f  three EREs is also present 

in the human OT encoding gene. Moreover, one enhancer conferring 

glucocorticoid responsiveness to a reporter gene is located at —2449 to -2464 

(57).

I.5.2.3. Posttranslational M odification and OT Precursors

OT is separated from  N P-I by a tripeptide spacer, Gly-Lys-Arg (49). In 

the rat, during post-translational processing, OT-gly-lys-arg is cleaved from 

NP-I. The basic amino acids arginine and lysine are then serially cleaved by 

carboxypeptidase B to yield OT-gly. The OT-gly is transform ed by a -  

amidating enzyme to mature, biologically active amidated O T (as reviewed in

(61)) (Fig. 1-2). The intermediate forms containing 10, 11 or 12 amino acids 

are collectively referred to as carboxy-extended forms o f  OT (OTX).

In the rat hypothalamus, the processing from the initial translational 

product through to mature O T in the adult is very similar to that in the fetus

(62). However, this processing efficiency in the fetus is very low  and 

incomplete, resulting in the accumulation o f  OTX (63). The ability to form the 

fully processed amidated form o f  OT increases during late fetal and early 

neonatal development (62). In sheep plasma, the concentration o f  OTX forms 

is 35 fold higher than OT during the second and third trimesters o f  pregnancy 

(64). However, by term, though the concentration o f OTX forms remains 

several-fold higher than that o f  OT, the concentration o f  OTX forms has 

declined to one half and OT has increased several-fold. In hum an umbilical 

plasma, a similar pattern o f  m aturation occurs (65).
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Recently, w e have measured rat uterine OT and its O TX  forms using 

two antisera, one recognizing OT and OTX forms, the other recognizing only 

mature amidated OT. We found that uterine tissue concentration o f  OTX 

forms were 5- to 10-fold greater that those o f  O T and both increased 

progressively and significantly through late gestation. However, the ratio o f  

OT to its extended forms did not change significantly. Adm inistration o f  

antagonists o f  estrogen (TAM) or P4 receptors (RU486) reduced concentrations 

o f  OTX forms by >  90% and o f  OT by 50 %. Furthermore, using a muscle 

bath preparation, O TX  forms w ere weak uterine stimulants and did not alter 

the OT concentration-response curves. OTX forms were tw o or three orders o f  

magnitude less able than OT to displace radiolabeled OT from  late-gestational 

uterine binding sites. These data suggest that rat uterine carboxyl-extended OT 

prohormones are regulated in part by estrogen and P4. However, in contrast to 

our original hypothesis, OTX forms do not compete with OT for binding to 

OTR, and have little direct biological activity. Their role in the process o f  

parturition may be confined to acting as substrates for OT synthesis (66).

I.5.2.4. Catabolism o f OT

The m etabolism  o f  OT was first described by Page et al. a h a lf century 

ago (67). They documented that serum from pregnant wom en had the ability to 

catabolize and inactivate oxytocin. They termed this activity ‘oxytocinase’.

This enzymatic activity was predominantly found in the cytosolic fraction from 

human placenta.

The OT m olecule is a nonapeptide with a disulfide bridge between the 

cystine at position 1 and 6 resulting in a ring structure at the N'-terminus that is 

essential for biological activity. It can be degraded either at the N - or C- 

terminal ends (Fig. 1-3). The most common form o f  degradation is by 

aminopeptidase activity that opens the ring by cleaving the bond between cys 1
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and tyr 2, and then cleaves am ino acids from the N-terminus o f  the molecule 

(68). A  second method o f  catabolism  occurs by the action o f  post-proline 

endopeptidase that cleaves betw een the proline and leucine thus splitting the 

terminal leucine-glycine amide dipeptide from the molecule. Other possible 

routes o f  OT breakdown could involve the action o f  a carboxypeptidase 

enzyme cleaving amino acids from C-terminus or by enzymatic disruption o f  

the disulfide bond. However, neither o f  these latter pathways appears to be a 

major m ethod o f  OT metabolism.

O ur laboratory has detected cystine aminopeptidase activity in human 

chorion, placenta and decidua, m ainly in the microsomal subcellular fractions 

o f  these tissues (69). The greatest activity is located in the placenta and is 

significantly less in the decidua than in the chorion. The dom inant enzyme in 

decidua appears to be a post-proline endopeptidase. There are no significant 

differences in the K m or apparent V max values for either enzyme between 

tissues collected before or after labour (69), suggesting that the regulation o f  

OT m etabolism is unlikely to be a m ajor factor in the process o f  labour 

initiation.

Recently, we have characterized the metabolism o f  O T  in late pregnant 

rat uterine tissues (70). We found that OT was actively m etabolized in both 

uterine and placental tissues. Total oxytocinase activity was sim ilar in the two 

tissues. In uterine tissues, activity was greater in the cytosolic fractions, while 

in placenta, activity was evenly distributed between the cytosolic and 

microsomal fractions. The cytosolic fractions o f  each tissue contained 

predominantly post-proline endopeptidase activity whereas the  microsomes 

contained predominantly am inopeptidase activity. There was a  slight trend to 

decreasing oxytocinase activity w ith advancing gestation in both subcellular 

fractions but this was statistically significant only in the m icrosom al fraction. 

The maximal decline in activity was only 25 — 50%. Treatm ent o f  TAM  had
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no effect on oxytocinase activity. Based on these data, w e concluded that rat 

uterine and placental tissues contains post-proline endopeptidase and 

aminopeptidase activities that m etabolize OT. However, it is doubtful that 

changes in these activities are m ajor factors in regulating the increase in OT 

concentrations measured in rat intrauterine tissues at the time o f  parturition

(70).

1.5.3. OT Receptor

1.5.3.1. Family o f  OT/VP Receptors

All the diverse central and peripheral neuropeptide actions are mediated 

by a family o f  VP and OT receptors. Though two distinct subtypes o f  OTR on 

myometrium and endometrium were postulated (5), most studies have 

indicated the presence o f  a single class o f  OT-binding sites. So far, there is no 

consensus whether or not more than one OTR exists. However, based on the 

second m essenger systems to which they are coupled, VPRs have been 

subdivided into two main subclasses: V I and V2 receptors (V1R and V2R)

(71). Based on the use o f  specific, agonists and antagonists, V I receptor 

subtypes have been identified and termed V ia  and V Ib  receptors (V laR  and 

V lbR ) (72).

OT is a relatively specific ligand for the OTR, but VP is more 

promiscuous and binds to VPRs as well as to OTRs with high affinity (as 

reviewed in (73)). In the rat, OT is able to release corticotrophin from pituitary 

cells, which is m ediated by V lbR s not by OTR (74). This suggests that among 

the VPRs, the V lb R  seems to interact w ith OT.

One question has been asked by a few investigators. Is it possible that 

in the absence o f  OT, VP would be an effective substitute for OTR? Notably, 

magnocellular VP neurons are also activated (75) and VP release from 

posterior pituitary is increased during parturition in several species including
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the rat (76). Since VP can activate OTRs, its actions would be expected to 

supplement those o f  OT during parturition. Some effects o f  VP in intrauterine 

tissues are sim ilar to OTs. For example, VP is quite effective at stimulating 

PGF2a production by the decidua (5). It is possible that, if  in the absence o f  

endogenous OT, the OTRs are upregulated, the actions o f VP alone will indeed 

provide an effective substitute for the absent OT.

I.5.3.2. Distribution o f OTR and VPR

W ithin the uterus, OTRs are present on myometrium and endometrium 

during pregnancy in various species (see below). OTRs and VPRs have also 

been identified in other reproductive and non-reproductive tissues.

Mammary g land

OTRs have been identified in the mammary gland membrane and OT 

induces milk ejection by contraction o f  mammary myoepithelial cells (77).

The expression o f  the OTR gene reaches maximal shortly after parturition and 

remains at high levels throughout .the period o f  lactation (6). OTRs have also 

been found in breast cancer tissues and in breast cancer cell lines (78, 79). The 

OT in several tum or cell lines has an inhibitory function on cell proliferation 

(79).

Ovary

Through binding studies, OTRs have been identified in human and 

bovine ovaries (80). In both species, the concentration o f OTRs reaches 

highest level during the luteal phase (80). The function o f OT may involve 

ovulation and luteolysis. Using RT-PCR technique, OTR mRNA has been 

found in both species o f  ovaries, suggesting the local production o f  OTR.
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Pituitary

By using a specific ra t OTR cDNA, Breton et al. have found that 

pituitary OTR gene expression is restricted to lactotrophs (81). This gene 

expression is markedly increased at the end o f  gestation and in response to 

estrogen treatment (81). T he function o f  OT in the pituitary is related to 

stimulation o f  the release o f  prolactin, gonadotrophin and corticotrophin (74). 

Interestingly, studies with specific antagonists dem onstrated that the OT effect 

on corticotrophin is m ediated via the V lb R  (74). Recently, the cloning human 

V lb R  cDNA confirmed that the V lb R  is encoded by a separate gene that is 

expressed in pituitary (82).

Brain

OTR gene has been expressed in the rat olfactory system , basal ganglia, 

parts o f  the amygdaloid nucleus, the ventromedial nucleus o f  the hypothalamus 

as well as areas in the brain stem  and spinal cord (83, 84). V la R  m RNA and 

AVP binding sites correspond to V laR s have been found in rat olfactory 

nucleus, the limbic system, th e  hypothalamus, thalamus, the chorioid plexus, 

the circumventricular organs, the brain stem and spinal cord (83). No V2R 

m RNA could be detected in ra t brain (85). The OTR- and VPR-mediated 

function may involve some specific learning, maternal and sexual behavious 

(86, 87). Studies dem onstrated that concentrations o f  brain O TR  m RNA and 

binding sties are induced by estrogen (84, 86, 88). In contrast to genomic 

effects o f  estrogen, the effects o f  P4 on hypothalamic O TR gene are non- 

genomic. P4 can potentiate estrogen-induced behavioral m odifications (89).
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Kidney

A  line o f  studies has show n that OTRs expressed in kidney (90, 91) and 

OT plays an important role as a natriuretic hormone (92). Physiological 

elevations o f  plasma OT levels lead to a natriuresis that is blocked by specific 

OT antagonists (93). In pregnant rats, renal OTR mRNA levels undergo a 

m ore than 3-fold decrease at term , while binding studies reveal a  concomitant 

decrease in renal OT-binding sites (91). Estrogen strongly upregulates OTR 

m RNA levels and OT-binding sites in kidney, suggesting O T may be an 

im portant physiological regulator o f  sodium and fluid hom eostasis specially 

during high estrogen states (91, 94).

There is a high gene expression o f  V2R in renal tubular cells (95). 

Activation o f  the renal V2R increases water reabsorption from  urine to blood. 

In situ hybridization studies demonstrated V laR  m RNA in vascular bundles o f  

the renal medulla and in segments o f  cortical distal tubules (95). The function 

o f  renal V la R  is still little known.

Thymus

The VP/OT system may also be involved in immunomodulation. OTRs 

and VPRs have been identified on thymocytes (96) and VP- and OT-like 

immunoreactivity has been detected in thymic nurse cells (97). Interestingly, 

using immature pre-T-cell and m ature cytotoxic T-cell lines, M artens et al. 

reported that, during T-cell maturation, there was a switch from  the expression 

o f  V laR s in immature T-cells to expression o f  OTRs in m ature T-cell (97). 

This evidence suggests that both VP and OT may play a role in modulation o f  

T-cell maturation and function.
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Smooth muscle cells

V laR s have been found on vascular smooth cells (98). These vascular 

V laR s are upregulated by estrogen (99) and downregulated by glucose (100). 

Interestingly, the expression o f  OTR gene but not VPRs has been found in 

hum an vascular endothelial cells. These OTRs are structurally identical to the 

uterine and mammary OTRs. The OTRs in vascular endothelial cells produce 

a calcium-dependent vasodilatory response ( 101).

I.5.3.3. Gene Structure o f  OTR

The human OTR gene was first cloned by Kimura et al. (102) in 1992 

from a library derived from a Xenopiis oocyte. There are two sizes o f  mRNA, 

3.6 kb in breast and 4.4 kb in ovary, uterine endometrium and myometrium. 

Subsequently, rat, pig and sheep OTR have been cloned and sequenced (103- 

105). The human OTR gene is located on chromosome 3 (106). The rat OTR 

gene contains three and the hum an OTR gene contains four exons (Fig. l-4a). 

In the rat, a 97-bp intron is present in the 5’ untranslated region and a >12-kb 

intron interrupts the coding region between transmembrane domains (TMD) 6 

and 7. The predicted amino acid sequences derived from the coding region o f  

the rat and the human OTR shows that 92.8% are identical. Conversely, the rat 

O TR gene has only 48% and 38% sequence identity to the rat V1R and V2R 

(103).

In rat OTR genes, the prom oter region contains sequence elements that 

correspond to the consensus sequences for binding sites o f  nuclear factor- 

interleukin 6 (NF-IL6) and to the acute phase response factor (103). There are 

no palindromic estrogen response element (ERE) in the first 3500 nucleotides 

upstream from the transcription start site but there are several copies o f  the 5’- 

or 3’-half response elements in the proximal prom oter region (103). However, 

after isolating and sequencing additional 2 kb o f  upstream sequence missed
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from  the studies o f  Rozen et al., Bale et al. (107) have identified several 

response elements including a palindromic ERE, half-serum  response element, 

and several AP-1, AP-2, AP-3 and A P-4 sites. There is n o  P4 response element 

(PRE) or glucocorticoid response elem ent (GRE) in either human or rat OTR 

promoters (Fig. l-4b).

The encoded human and rat OTRs are typical G protein-coupled 

receptors, 389- (human) and 388- (rat) amino acid polypeptide w ith seven 

TMDs (102, 103). OTR and its related receptor m olecules, VPRs contains four 

extracellular domains (EDs) and four cytoplasmic dom ains (CDs). These 

domains include an extracellular N-terminal domain and intracellular C- 

terminal domain as well as three extracellular and intracellular loops 

connecting the TM Ds (Fig. 1-5). The areas o f  greatest sim ilarity between OTR 

and VPRs include TM D 2, 3 and 6 and ED 2 and 3. The strongest divergence 

occurs in the N- and C-terminal domains as well as in C D 3.

I.5.3.4. OTR as a G-protein Receptor

OT is one o f  many compounds that influence myometrial contractility 

by binding to myometrial cell membrane receptors that activate effector 

systems within the ceil. The link between the horm one-receptor complex and 

the effector system is usually a regulatory GTP-binding pro tein  (G-protein)

(Fig. 1-5). G-proteins,'consisting o f  a ,  P, and y subunits, a re  classified and 

grouped into several families according to their a  subunit. Som e are substrates 

for ADP-ribosylation by bacterial exotoxins. Human m yom etrium  contains 

several types o f  G-proteins, Gs, G;, Gi3, Gq, G n and Gz. T hese proteins may 

regulate the activity o f  adenylyl cyclase (AC) or phospholipase C (PLC), two 

enzymes that are important effector enzymes that generate second messengers. 

They also may be linked to voltage-dependent ion channels o r  to phospholipase
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A 2 that can generate arachidonic acid, a precursor for PG  synthesis within the 

cell.

The G-proteins responsible for PLC activation in hum an myometrium 

are o f  at least two types: a  pertussis resistant G-protein Gq or G n  and a 

pertussis toxin sensitive protein  G;. OT stimulates m yometrial contractility by 

binding to cell membrane receptors coupled to G-proteins, both Gq or G n and 

G, pathways (108). OT provokes the hydrolysis o f  phosphatidylinositol 4,5- 

bisphosphate (PIP2), generating two second messengers: inositol 1,4,5- 

trisphosphate (IP3) and diacylglyceride (DAG). IP3 m obilizes Ca++ from the 

sarcoplasmic reticulum that in turn activates myosin light chain 

phosphorylation. DAG activates protein kinase C (PKC) resulting in the 

phosphorylation o f  several target proteins. DAG can be recycled into PIP2 or 

be hydrolyzed by diacyl- and  monoacylglycerol lipases allow ing the release o f 

arachidonic acid (as review ed in (109)) (Fig. 1-5).

The responsiveness o f  the tissue to OT depends on the num ber o f  

activated receptors for OT, on the degree o f  coupling betw een the hormone- 

receptor complex and the  G-protein, and on the degree o f  coupling between the 

G-protein and the effector system . Furthermore, OT increases intracellular 

[Ca++] also by directly activating Ca++ channels in the plasm a m em brane (110).

The ability o f  OT to increase endogenous IP3 levels has been reported in 

fresh human smooth m uscle slices (111). Also, the time course studies agree 

w ith the rise in intracellular [Ca**] in human myometrial cells challenged with 

O T (108). However, there is no difference in IP3 response to  O T between 

myometrial tissue obtained at term  but not in labour com pared to tissues 

obtained during spontaneous labour (109).
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1.5.4. Parturition

I.5 .4 .I . Three Phases o f Parturition

The pregnant myometrium is relatively quiescent until parturition 

begins. Casey and M acDonald (112) referred this first 95% o f  pregnancy 

period as uterine phase 0 o f  parturition. The precise point at which parturition 

begins cannot be discerned but there is agreem ent among investigators that the 

process o f  parturition can be further divided into three separate but interrelated 

physiological phases: phase 1 (activation), phase 2 {stimulation) and phase 3 

{involution) (112, 113). A t the end o f  phase 0 o f  parturition, the uterus is 

awakened and prepared for labour. This period o f  uterine awakening, which 

clearly precedes the onset o f  active labour, is referred to as phase 1 o f  

parturition. During this phase, the uterus is prepared to give maximal response 

to a stimulant. It is not clear whether this phase involves active preparation o f  

the uterus or w hether it is due to an escape from  the inhibitory mechanisms 

maintaining uterine quiescence prior to activation. This phase is characterized 

by increases in populations o f  receptors for stimulants such as OTR and PG, 

increases in the area o f  gap junctions between myometrial cells and increases 

in the synthesis and functional activity o f  ion channels. In addition, the cervix 

undergoes a process o f  softening and ripening. It may take several days to 

complete and reach the next phase. During the phase 2 {stimulation), the 

m yometrium is sensitive to all stimulants, such as OT and PGs, and can 

generate a maximal response to facilitate delivery o f  the fetus and placenta.

The duration o f  this phase is much shorter than the previous phase. Finally, in 

phase 3 {involution) the fetus, placenta and fetal membrane are delivered and 

eventually, the uterine tissues return to their non-pregnant state. These three 

phases must be developed in an orderly sequence and during a defined period 

o f  gestation. W hen the sequence is delayed or prematurely activated, or 

dysregulated, pregnancy complications occur (as reviewed in (114)).
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I.5.4.2. M echanism of M yometrial Action

Uterine muscle cells contain tw o types o f  protein, myosin and actin. 

M yosin is m ade o f  two heavy and four light polypeptide chains. The two 

heavy chains form a globular head that interacts with actin and also has 

enzymatic activity to hydrolyze ATP and to provide energy for contraction. 

The light chains are attached the globular head and provide regulatory sites for 

C a ^  binding and phosphorylation. Ca++ interact with calmodulin to activate 

myosin light chain kinase (MLCK) w hich phosphorylates a 20-kDa light chain 

o f  myosin. Phosphorylated myosin interacts with actin resulting in activation 

o f  myosin ATPase and causing a contraction. Contraction o f  the myometrial 

cells can be increased either by activating MLCK or by inhibiting activity o f  

myosin phosphatase (as reviewed in (109)) (Fig. 1-5).

Contraction in these muscle cells is controlled by intracellular free 

[Ca++] and the extent o f myosin light chain phosphorylation. Increases in 

intracellular [Ca++] can be achieved by increasing uptake from outside the cell 

through Ca++ channels in plasma m em brane or by mobilizing Ca++ from 

intracellular stores in the sarcoplasmic reticulum. Relaxation in uterine muscle 

can be achieved by lowering intracellular [Ca++] or reducing the sensitivity o f  

M LCK to Ca**. There is also a m echanism  for rapid lowering o f  intracellular 

[Ca++] by extrusion o f  Ca++ from the cell or by reuptake into the sarcoplasmic 

reticulum  (as reviewed- in (109)).

I.5.4.3. Switch from Myometrial Contractures to Contractions in Late 

Pregnancy

There are two types o f  m yometrial activity that occur throughout 

pregnancy in m ost species (115). A lthough uterine contractile activity is 

inhibited during pregnancy, the myometrium is not totally quiescent. Long 

lasting, low frequency and low am plitude myometrial contractile activities
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term ed “contractures” are observed in a  number o f  species including man 

(116), monkey (117), sheep (118), guinea pig (119) and rabbit (120). A t 

labour, the short duration, high frequency and high amplitude myometrial 

“contractions” take over.

The sw itch from contractures to contractions tends to occur at night and 

is related to alteration in maternal plasm a estrogen concentrations. In the 

rhesus monkey, 24-h infusion o f  androstenedione elevates estrogen 

concentration in maternal plasm a and stimulates the switch from contractures 

to contractions. Interestingly, this only occurs at night (115). W ilson et al. 

( 121) adapted the androgen-infused model used in the rhesus monkey to the 

pregnant baboon and dem onstrated that infusion o f  DHEAS led to a switch 

from contractures to contractions. Using this paradigm, they reported that 

inhibition o f  the conversion o f  androgen to estrogen by aromatase inhibitors 

also prevented the switch in m yometrial contraction patterns. In the pregnant 

sheep, the rise in maternal plasm a estrogen level is very abrupt, occurring only 

during the last 24 h o f  pregnancy (122). This rapid increase in estrogen 

concentration may explain the observation that sheep switch from contractures 

to contractions only once, about 6 h  before delivery in contrast to non-human 

prim ates in which the repetitive sw itch is gradual over several days to weeks 

(115). These studies support the hypothesis that maternal estrogen prepares the 

myometrium for a periodic signal that causes the switch from contractures to 

contractions.

1.5.4.4. Contraction-associated Proteins

During the activation phase o f  parturition, the expression o f  contraction- 

associated proteins (CAP) increases. Three o f  these proteins are commonly 

used as the markers o f  uterine activation: OTR, PG synthesis protein (both 

discussed below) and gap junction proteins. The m ajor gap junction protein is
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connexin 43 (Cx-43). Synthesis o f  Cx-43 and assembly o f  gap junctions are 

essential to facilitate the myometrial cell-cell coupling that enables the strong 

coordinated contractions o f  labor. Studies by Lye and coworkers demonstrated 

a number o f key points regarding Cx-43 in  both rat and human uterus. Cx-43 

gene expression increases in m yometrium with rat gestational age (123) and 

human onset o f  labour (124). In humans and rats, it is regulated by estrogen 

(stimulatory) and P4 (inhibitory) (123, 125). Estrogen appears to stimulate an 

increase in Cx-43 coincident with increased O TR (123), suggesting that the 

increased uterine contractile response to O T at term  is associated with 

increased gap junctions. Additionally, in the rat, uterine stretch also is a 

stimulus to Cx-43 mRNA synthesis (126).

I.5.4.5. OT as an Endocrine Hormone at Parturition

With knowledge o f the potent and specific uterine contractile property 

o f  OT, early researchers attempted to define the role o f  OT in the initiation o f  

labour. Experiments from several research groups have showed controversial 

results.

Several lines o f  research findings cast doubt on the role o f  OT in the 

initiation o f  human parturition. Some investigators failed to find a rapid 

increase in serum concentration o f  OT before labour onset but after only the 

fetal expulsive stage o f  labour (127). The levels o f  serum OT are very low 

throughout pregnancy and remain undetectable during early labour stage in 70 

%  o f  pregnant women (128). Additionally, the required association constant o f  

OTR (129) to maximize uterine activity is 10 - 100 time higher than the actual 

concentration o f  O T in maternal sem m  at the tim e o f  parturition. Finally, 

wom en with known posterior pituitary dysfunction, and therefore thought to  be 

deficient in OT, have apparently normal labour (130).
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There are few studies o f  serum OT concentrations in rat late pregnancy. 

Later, using an intrauterine sensor to detect the uterine contractility before and 

after labour onset, while collecting the serum samples, Higuchi e t al. (131,

132) found no significant increase in serum OT concentration until fetal 

expulsion o f  labour. The peak levels o f  serum OT were noted during milk 

ejection. Using pelvic neurectomy (which abolished the Ferguson’s reflex) in 

the rat, the same research group noted that the duration o f  labour was 

prolonged and serum OT concentration decreased, without affecting the onset 

o f  labour (133). Furthermore, immunoneutralization o f  circulating OT by 

specific antisera slightly prolonged the delivery time (133). Electrolytic lesions 

o f  rat m edian eminence at day 13 o f  pregnancy had no effect on parturition but 

completely suppressed the milk ejection reflex (134). All these studies 

suggested that, in the rat as in the human, circulating OT is unlikely to play an 

important role in the initiation o f  parturition, though it may play a role once 

labour has been instituted.

Several investigators offered explanations for these controversial 

results. They speculated that the failure to find increases in circulating OT 

concentrations may have been due to technical difficulties in m easuring OT in 

the serum, particularly at the time o f  parturition. The high intravascular 

catabolism  and the low concentration o f  serum OT in late human pregnancy 

have concerned many investigators. In late human pregnancy, m aternal serum 

contains a high concentration o f  oxytocinase that rapidly degrades OT after 

sample collection (67). M oreover, the pulsatile pattern o f  secretion o f  OT into 

the circulation (24) and the short plasma half-life (approximately 90 sec to 3 

min) o f  OT (21) made it even more difficult to obtain valid data. Furthermore, 

recent reports have shown that some antibodies used for radioimmunoassay 

(RIA) o f  OT have cross-reactivity with OTX (OT-gly), resulting in an 

artificially high measurement o f  serum OT (135).
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Thornton et al. (128) addressed these concerns. U sing a protocol to 

minimize OT degradation following sample collection (rapid acidification, 

chilling, EDTA and phenanthrolone), a one-minute sam pling protocol, and a 

sensitive and specific RIA, they still failed to find a  significant change in 

maternal serum OT concentration until the stage o f  fetal or placental. On the 

contrary, Dawood et al. (127) and Fuchs et al. (24) reported an increase in OT 

concentrations and in OT pulse frequency and duration at the beginning o f 

labour in women. Luckman et al. (136) reported that the inhibition o f  the 

activation o f  the neurohypophysial OT system in parturient rats resulted in a 

significant prolongation o f  parturition.

Several investigators also explored the possible role that OT derived 

from the fetus might play in the initiation o f  labour. The human fetus produces 

and stores OT in the hypothalamus throughout pregnancy. The concentration 

o f  OT in the fetal pituitary increases progressively from  week 14 o f  gestation 

up to term (130, 137). A t term pregnancy, a considerable amount o f  OT can be 

demonstrated in amniotic fluid (138) and in cord blood (139). Concentrations 

o f  OT are higher in umbilical serum than in m aternal serum  and higher in the 

umbilical artery than umbilical vein (139). The highest levels are found at the 

time o f vaginal delivery, with significantly lower levels at cesarean section 

when the patient is not in labour. However, normal spontaneous deliveries 

occur with an anenceplialic fetus that lack fetal OT synthesis (140). Therefore, 

most investigators have questioned whether fetal O T  plays any role in 

regulating the timing o f  human parturition.

Recent studies indicate that the pattern o f  O T  secretion is more 

important than the absolute levels o f  OT. In the last few weeks o f  pregnancy 

in the rhesus monkeys (141, 142) and human (143), there is a unique nocturnal 

increase in uterine contractions. These nocturnal contractions correlate with 

the circadian rhythm o f  pulsatile OT secretion, w ith an  acrophase at night, in
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both the rhesus monkey (23, 142) and hum an (8). The nocturnal surges o f  

uterine activity near term can be abolished in rhesus monkeys by use o f  

specific OT antagonists (142, 144). Thus, the controversy continues as to 

w hether OT from the posterior pituitary is ju s t  a  facilitative factor for the 

procession o f  labour or a pivotal hormone in  the mechanism o f  initiation o f  

parturition.

1.5.4.5 OT as a Paracrine or Autocrine H orm one at Parturition

During the last ten years, a non-neuronal production o f  OT peptide has 

been suggested in several endocrine glands and peripheral tissues. It has been 

postulated that OT may have a  role in regulating the tim ing o f  parturition in a 

paracrine mechanism rather than or, in addition to, an endocrine process. 

Paracrine synthesis and biological activity o f  O T may occur w ithout any 

change in the maternal circulation, thus rationalizing a significant role for OT 

in the initiation o f  parturition despite the previously noted negative findings.

1.5.4.6.1. O T  in In trauterine Tissues in L a te  Gestation

The first suggestion that OT may be synthesized in reproductive tissue 

was made after measurement o f  high OT concentrations in bovine corpus luteal 

tissue (33). Two years later a high level o f  m R N A  encoding the OT gene was 

found in the same bovine tissues (32). Further investigations suggested an 

interaction involving ovarian OT and uterine PG F2a in regulation o f  ovine 

luteolysis (145).

Chibbar et al. (1) first reported that m R N A  encoding OT was produced 

in human late gestational intrauterine tissues, nam ely in the decidua, chorion 

and amnion. They also found a greater concentration o f  OT m RNA in tissues 

obtained after the onset o f  spontaneous labour at term  in comparison w ith
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tissues obtained at term  but before labour onset, suggesting an increase in OT 

m RNA synthesis around the tim e o f  the onset o f  labour.

Several studies in rat intrauterine tissues have shown a sim ilar pattern o f 

synthesis o f  m RNA encoding O T in late gestation. Lefebvre et al. (2) 

demonstrated that OT m RNA was synthesized mainly in the epithelial layer o f  

the endometrium during pregnancy. Between days 14 and 18 o f  pregnancy, 

there was a rapid increase in OT m RN A  accumulation in the uterus. These 

investigators estimated that the total mRNA encoding OT in the day 21 

pregnant uterus was approximately 70-fold higher than in hypothalam us. The 

amnion (3) and placental (146) also produced a small amount o f  OT mRNA.

In contrast to rat uterine level o f  O T mRNA, the placental concentration o f  OT 

mRNA showed a decrease before parturition (146). They also noted that the 

tissue levels o f  m RNA in the late pregnant rat were much higher than in 

humans (2).

To investigate whether O T peptide exists in rat uterine tissues, Lefebvre 

et al. (2) assayed the amounts o f  immunoreactive OT (ir-OT) in the late 

pregnant uterus. They found that-the day 21 pregnant uterus contains a 35-fold 

higher level o f  ir-OT, compared with that in the nonpermanent uterus. 

Subsequently, they also detected an increase in ir-OT level in am nion prior to 

parturition. However, using a selective OTR ligand, they revealed a high 

num ber o f  OT binding sites in rat uterus, but not in amniotic or placental 

membranes (2).

The findings that intrauterine OT mRNA and peptide increase 

tremendously in late gestation in both humans and rats, and OT gene 

expression occurs in, or anatomically close to the target tissues, the 

endometrium and myometrium, support the hypothesis that OT m ay act in a 

paracrine or autocrine m echanism to regulate the timing o f  parturition.
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L5.4.6.2. OTR in Intrauterine Tissues in Late Gestation

W ithin the rat or human uterus, OTRs are present on both myometrial 

and endometrial epithelial cells. M ost studies have indicated the presence o f  a 

single class o f  OT-binding sites. Chen et al. (5) postulated two distinct 

subtypes o f  OTR in rat myometrium and endometrium. They showed that two 

different OT analogues block OT-induced myometrial activity but have 

agonistic activity on endometrial activity. Moreover, some OT agonists elicit 

myometrial contractions but have no effect on the endometrium. However, to 

date, there has been no satisfactory evidence supporting the existence o f  more 

than one OTR gene or transcript in either rat or human.

One o f  the most consistent findings in the study o f  parturition in several 

species is the dramatic increase in OTR before the onset o f  labour. Soloff et 

a l  (6) were the first to report a gestational increase in OT binding by uterine 

cells in rats. Subsequently a similar pattern increase was demonstrated in 

human uterus (4). The same investigators have concluded that the increase in 

myometrial sensitivity to OT was due to an increase in OT binding to uterine 

OTR in both humans (4) and rats (6). The fQ o f  the OTR did not change with 

advancing gestation.

Larcher et al. (147) have shown that uterine mRNA levels for OTR 

increased more than 25-fold during gestation, reached a peak at parturition and 

fell rapidly by 85% within 24 h following parturition. Using in situ 

hybridization, they noted that OTR mRNA was localized in the myometrial 

cells but not in the endometrial cells (147). Others demonstrated that OTR was 

present in the plasma membrane o f  both myometrium and endometrial 

epithelium (4, 148). Chen e t al. (5) reported that stimulation o f  endometrial 

OTRs led to production and secretion o f  PGs, while stimulation o f myometrial 

OTRs elicited myometrial contraction.
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1.5.4.7. Pharm acological and G enetic Studies o f  OT in Parturition

L5.4.7.1. OT Antagonists

Studies using specific antagonists o f  O T  may help clarify the role o f  OT 

in the initiation o f  labour. More importantly, the development o f  suitable OT 

antagonists as new  and effective tocolytic agents m ight be o f  therapeutic value 

in the prevention o f  preterm labour. M anning et al. and others have 

synthesized a series o f  analogues o f  OT prim arily by changing or substituting 

amino acids. In  general, these m odifications have involved alteration o f  the 

tyrosine m oiety at position 2 along w ith substitution for the amino acids at 

position 4 and 8. This results in greater selectivity and antagonism for OTR. 

Results from  studies using these agents to prevent or delay parturition in rat 

have been conflicting. Chan et al. (5) and H ahn et al. (149) have shown that 

certain O T  antagonists do not delay labour onset, but significantly lengthen the 

course o f  labour. One explanation is that those OT antagonists block the OT- 

induced uterine activity in myometrium but, m eanwhile, stimulate the synthesis 

o f  prostaglandins in endometrium (150). Conversely, others reported a delay 

in the initiation o f  labour and a prolongation o f  the process o f  labour by using 

different agents known to block both endometrial and myometrial OTRs (151).

A tosiban (1-deamino [2-0-ethyl-D-tyrosine, 4-threonine] ornithine 

vasotocin) was synthesized ten years ago by M elin et al. and is the only OT 

antagonist that has been tested in clinical trials as tocolytic agent for the 

prevention o f  preterm  delivery (152). It is a  nonselective blocker, effective in 

inhibition o f  uterine contractility via antagonism  o f  both OTR and V la R  (153). 

In the hum an non-pregnant myometrium, atosiban is the most potent AVP 

antagonist, and in pregnant tissue atosiban shows the m ost pronounced 

inhibition o f  O T (152). Atosiban can inhibit the switch from contractures to 

contractions and may be o f  value in reducing the occurrence o f  prem ature birth 

in pregnant prim ates including hum an (154).
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Recently, novel OT antagonists have been developed w ith the aim o f  

im proving bioavailability and effective duration (155). In addition, non­

peptide O T antagonists that can be adm inistered orally have been developed 

(156). Clearly, more studies are required to ascertain the role o f  OT 

antagonists in clinical practice.

1.5.4.7.2. Knockout Mouse Studies

Recently, investigators obtained surprising results from their knockout 

m ouse studies (157, 158). Nishim ori e t al. (157) developed a colony o f  mice 

deficient in OT (deletion o f exon A  o f  O T gene) using embryonic stem  cell 

technology. Young et al. (158)eliminated, by homologous recom bination, 

most o f  the first intron (A) and the last tw o exons (B and C) o f  the OT gene in 

mice. Fem ale mice lacking OT were o f  normal fertility. Surprisingly, 

hom ozygote pregnant mice had a norm al duration o f  gestation and an 

apparently normal parturition o f  norm al tim ing and duration. However, though 

the dams produced milk, all offspring died shortly after birth due to failure o f  

the dam to lactate and nurse properly. They concluded that OT plays an 

essential role only in milk ejection in the mouse. However, in mice there is no 

evidence concerning the presence o f  an intrauterine paracrine system and the 

extent to which these findings apply to other species where such a paracrine 

system exists is not known.

Gross et al. (159) recently have generated mice deficient in one o f  

prostaglandin synthases, prostaglandin-endoperoxide H synthase-1 (PGHS-1) 

or both O T and PGHS-1. Mice w ith targeted disruption o f the PGHS-1 gene 

have impaired luteolysis and delayed parturition resulting in neonatal death. 

However, a normal parturition occurred in the combined OT and PGHS-1 - 

deficient mice. Investigators concluded from  this experiment that PG H S-1 is
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essential for normal labour in the mouse, with critical function being to 

overcome the luteotrophin action o f  OT in late gestation (159).

I.5.4.8. Prostaglandins

1.5.4.8.1. Synthesis and Metabolism ofPG s

PGs are a group o f  regulatory factors derived from arachidonic acid 

(AA), a polyunsaturated acid containing 20 carbon atoms. AA is oxygenated 

through PGG2 to PGH2 by the enzyme PGHS, also known as Cox. PGHS 

exists in two isoforms: a constitutive form PGHS-1 and an inducible form 

PGHS -2. PGH2 is metabolized to PGD2, PGE2, PGF2a, PGI2 and thromboxane 

A 2 by specific enzymes, respectively. A A  is an essential component o f  the 

structural phospholipids o f  cell membranes. Therefore, it is present in every 

cell o f  the body. Due to normal metabolic turnover o f  membrane 

phospholipids, free A A  is continuously released in small amount in the cell (as 

reviewed in (160)). There are two m ajor enzymes involved in liberation o f  free 

A A  from cellular sources: phospholipase A2 (PLA2) and phospholipase C 

(PLC). In most cells PLA2 catalyses the hydrolysis o f  A A  from the 2-position 

o f  phosphatidylcholine, phosphatidylethanolamine or plasmalogens. AA also 

arises by an indirect mechanism. Through the sequential action o f  PLC, a 

diglyceride lipase and a monoglyceride lipase, A A  is released from the second 

glyceryl carbon o f  phosphatidylinositol (as reviewed in (160)).

The major metabolizing enzyme for PGs is 15-hydroxyprostaglandin 

dehydrogenase (PGDH) which catalyzes oxidation o f  the 15-OH group o f  PGE 

and PGF series to form 15-keto,13,14-dehydro metabolites. Both PGHS and 

PG DH may be equally important in regulating PG levels in intrauterine tissues 

during pregnancy.
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I.5.4.8.2. PGs in the Initiation o f  Labour

Administration o f  PGE2 or PGF2a at any stage o f  pregnancy causes 

abortion or labor (161), and blockage o f  PG  synthesis prolongs gestation, 

reduces myometrial activity and increases the duration o f  labour (162, 163). 

Furthermore, the maternal plasma concentration and urinary excretion o f  PG 

metabolites increase at labour, indicating the increase in production o f  PGs. 

These findings suggest that PGs are critical factors in controlling the tim ing o f 

parturition.

A  wide range o f  tissues may contribute PG s during pregnancy including 

the decidua (164), fetal membranes (164, 165), placenta (166), and 

myometrium (167). In the human and higher prim ates, PG levels in amniotic 

fluid are higher near term than in early and m id pregnancy (168). W ith the 

onset o f  labour, amniotic fluid concentrations o f  PG  rise sharply and continue 

to increase in parallel with cervical dilatation (169, 170). The most likely 

source o f  amniotic fluids PGs is the fetal m em branes. In late pregnancy, 

amnion produces a large amount o f  PG E2, while the  decidua is identified as the 

main uterine source o f  PGF2cc (164).

Olson and colleagues have shown that the activity o f  PGHS and the 

output o f  PGs increases in human fetal m em branes, amnion and chorion with 

labour, and that this correlates significantly and exclusively w ith a rise in the 

expression o f  the PGHS-2 isoforms in these tissues (171-173). The chorion, 

the layer positioned between the amnion and the decidua, contains both PGDH 

(174) and PGHS (173), but the metabolizing PG D H  predominates (175). This 

capacity o f  PG metabolism in chorion is little changed in late gestation and 

with the onset o f  labour (164).

Since the chorion contains high activity o f  PG DH (175), the amnion 

might not be involved in initiating labour. The decidua lying adjacent to the 

myometrium is likely to be involved, as it is a rich source o f  PGF2a. There is
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controversy in the literature regarding the role o f  decidual PG s at term 

parturition. Mijovic et al. (173) have shown no change in PG SH  specific 

activity in decidua with labour. Others have shown that the content o f  PGs in 

decidua significantly increased w ith onset o f  labour (164, 176, 177).

M oreover, the PG production w ithin decidua is possibly due to the population 

o f  macrophage-like cells (178). Furthermore, over 40 % o f  decidual cells are 

bone marrow-derived cells, carrying CD45 surface antigen and these cells are 

shown to enhance the synthesis o f  PGs at labour (177). A ctivation o f  decidua 

could therefore result in m ultiple stimulatory signals com prising both PGs and 

cytokines, perhaps, further stim ulating interaction betw een PGs and the action 

o f  OT, which could stimulate the myometrium (discussed later).

In addition, PGs driving the myometrium can be generated within 

myometrium itself. Some data suggest that human parturition is associated 

with increase in expression o f  PG HS -2, but not PGHS -1 in the myometrium 

(179). However, using w estern imm unoblotting with specific antibodies for rat 

PGHS -1 and PGHS -2, M yatt e t al. (180) have shown that in rat myometrium 

the concentration o f  PGHS -1 not PGHS -2 increased significantly from day 16 

to a maximum at the time o f  delivery on day 22 and decreased immediately 

afterward.

1.5.4.8.3. Regulation o f  PGs

The regulation o f  PG synthesis in intrauterine tissues has been 

extensively studied. Most studies have been done in in vitro  systems such as 

cells or tissues. Among steroids, glucocorticoids demonstrated a stimulating 

effect on PG output o f  amnion tissues (181), while P4 or estrogen showed no 

effect on PG production in gestational tissues o f  women at term  (as reviewed 

in (114)). Furthermore, adrenocorticotropin (ACTH) and corticotropin- 

releasing hormone (CRH) increase the PG output o f  all hum an intrauterine
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tissues at term  (182, 183). Moreover, other factors also affect PG output and 

PGHS activity in vitro  intrauterine tissues. OT has been shown to stimulate 

PG production o f  hum an decidual (4) or rat endom etrial (184) tissues. Several 

cytokines, such as T N F a  and IL -ip  also affect PG  output in both human and 

rat gestational intrauterine tissues (185, 186).

Although the lines o f  in vitro information relating the regulation o f  PG 

production are known, little is known about the factors and mechanism that 

control human intrauterine PG production in vivo. N one o f  the hormones or 

paracrine factors w hich affect the PG output o f  hum an gestational tissues in 

vitro  have been show n to be the physiological factors o f  the increasing 

intrauterine PG levels observed at labour in wom en. However, there is some 

information from the results o f  animal experiments. W ilson et al. have carried 

out extensive studies to determine whether ovariectom ized pregnant rats under 

a mimicking P4 w ithdraw al phenomenon in the presence or absence o f 

estradiol could change uterine PG levels. They found that P4 withdrawal 

significantly elevated only rat uterine PGE2 but not PG F2a, while P4 

withdrawal with exogenous administration o f  estradiol increased PGF2a but not 

PGE2 levels (187). These findings suggest there is a  difference o f regulation o f  

PG synthesis betw een hum ans and other animals.

Furthermore, artificial rupture o f  membranes or distension o f  the cervix 

lead to a rise o f  PG  levels in maternal circulation and in the amniotic fluid, 

suggesting the certain mechanical stimulation in vivo  appears to play a role in 

regulation o f  PG output o f  human gestational tissues (as reviewed in (114)).
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1.5.4.9. O ther Stimulants

Endothelin-1 (ET-1)

A nother potential candidates for a physiologically important uterine 

stimulant is ET-1. Like OT, the receptor for ET-1 is coupled via PLC/IP3 to 

Ca** mobilization. The mechanism o f  Ca** channel opening by ET-1 is 

probably sim ilar to that for OT and PGF2a. Human endometrial and amnion 

cells synthesize ET-1. A  higher level o f  ET-1 is found in amniotic fluid at 

term than that at early or mid gestation. However, the chorion contains an 

active catabolizing enzyme, enkephalinase, which prevents ET-1 from crossing 

to the myometrium. It is possible that ET-1 acts indirectly by stimulation o f  

other bioactive substances (188).

Growth Factors

Growth factors such as epidermal growth factor (EGF) and transforming 

growth factor a  (TG Fa) are polypeptides that are implicated in the autocrine or 

paracrine regulation o f  growth and differentiation in tissues and are 

synthesized in the uterus (189). EGF and T G F a  are shown to accumulate in 

the amniotic fluid in late pregnancy and at labour. Fetal kidney is the most 

likely source o f  these growth factors. In vitro  studies showed that EGF 

enhanced the PGE2 output from amnion cells (190). Transforming growth 

factor (5 (TGFP), another growth factor present in fetal membranes has anti­

progesterone activity on several P4 responsive genes. These data suggest that 

some growth factors are also involved in the regulation of gestational tissue 

function and are important in the timing o f  labour onset (as reviewed in (191)).
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Catecholam ines

Catecholamines, most likely from  fetal urine, are present in the amniotic 

fluid. T he level o f  catecholamines increases as gestation advances. Alpha- 

adrenoceptors and beta-adrenoceptors are present on m yom etrial cells. The 

excitatory effects o f  catecholamines on the uterus are m ediated by alpha- 

adrenoceptors. The human amnion responds to beta-adrenergic stimulation 

with increased A A  release and PGE2 production. However, the physiological 

role o f  catecholam ines in pregnancy and parturition is not understood (as 

reviewed in  (192, 193)).

1.5.5. R egulation o f the Timing o f  Parturition

1.5.5.1. Estrogen and Progesterone

1.5.5.1.1. Estrogen.Proeesterone. and the Estrogen/Progesterone Ratio

In  1956 Csapo proposed the “the progesterone block theory”. He 

suggested that delivery could not take place before a fall in maternal P4 levels 

because P4 blocked the activity o f  the myometrium (194). In some species 

(including rat, mouse, rabbit, etc.) the corpus Iuteum is m aintained throughout 

gestation to  produce P4 that maintains uterine quiescence. The removal o f 

corpora lu tea or ovaries leads to abortion. Luteolysis ju s t before labour in 

these species causes P4 withdrawal to trigger labour onset (7).

In  sheep, the P4 block theory also appears to be operative. In the 

pregnant sheep, the placenta produces P4 and estrogen. One or two days before 

labour onset there is a rapid decrease in maternal serum P4 and a switch from 

P4 to estrogen domination. These changes are regulated by the fetal 

hypothalam o-pituitary-adrenal axis. Specifically, after the fetal hypothalamo- 

pituitary-adrenal axis is matured, fetal cortisol secretion increases. This 

stimulates induction o f  the 17-hydroxylase/17, 20-desm olase gene in the 

placenta. Activation o f  this enzyme results in m etabolism o f  P4 into estrogen
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precursors that are subsequently converted in the placenta to estrogen (as 

reviewed in (195)). These changes result in a decrease in maternal serum  P4 

and an increase in serum estrogen.

In the human, maternal serum P4 levels increase progressively tow ard 

term  (196). P4 is predominantly produced in the corpora lutea in early 

pregnancy (until approximately 6-8 weeks menstrual age) and in the placenta 

for the rem ainder o f  pregnancy. Removal o f  corpora lutea or ovaries before six 

weeks menstrual age causes an abortion but has no effect later in gestation. PR  

antagonists, such as RU486 increase myometrial contractility and induce the 

abortion. However, some studies have shown that administration o f  exogenous 

P4 does not delay the parturition at term  (197, 198). There is no good evidence 

to show that systemic maternal P4 w ithdrawal is a prerequisite for the initiation 

o f  primate parturition. However, a  m odest rise in estrogen in late pregnancy is 

associated with parturition.

In most species, parturition is accompanied by an increase in production 

o f  maternal serum concentration o f  estrogen. In humans, estrogen production 

involves the feto-placental unit, an interaction between the fetus and placenta.

In the fetal adrenal gland pregnenolone is derived largely from LDL- 

cholesterol and thus converted to dehydroepiandrosterone sulfate (DHAS), 

estrogen precursor. DHAS is converted in the placenta to estrone or estradiol 

or 16-hydroxyiated in the fetal liver for subsequent conversion in the placental 

to estriol. Estriol has less biological activity and estradiol has highest activity. 

The androgenic precursors for estrone and estradiol also are synthesized in 

large amount in maternal side. The precursors for these estrogens are derived 

in approximately equal amounts from both the fetal and maternal adrenal 

glands.
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I.S.S.1.2. Estroeen Receptor andProsesterone Receptor

The classical actions o f  estrogen and P4 are manifested through their 

initial interaction with specific high-afflnity intracellular receptors. The 

estrogen receptor (ER) and P4 receptor (PR) are members o f  a superfamily o f  

nuclear receptors that includes receptors not only for steroid and thyroid 

hormones but certain vitamins and many orphan receptors whose ligands have 

yet to be identified. W ithin this family, the architecture o f  members has a 

similar feature containing multiple functional domains, including a highly 

conserved central DNA-binding domain (DBD), a moderately conserved C- 

terminal hormone-binding domain (HBD), and a poorly conserved N-terminal 

region whose function is largely unknown. These receptors regulate the 

transcription o f  target genes through domains called activation functions 

(AFs), mediated by the basal transcription machinery either directly or 

indirectly (199). For many steroid receptors, two AFs have been identified: 

one (AF1) located in the N-terminal region and the other (AF2) in the C- 

terminal HBD. A F 1 is constitutively active when AF2 is removed, whereas 

AF2 is a ligand-dependent activator (200).

Prior to ligand binding the receptor exists as an inactive complex that 

contains a group o f  proteins including the heat-shock protein 90 (hsp90), hsp70 

and other associated proteins. The hsp90 is involved in the maintenance o f  the 

receptor in an inactive state in the absence o f  ligand and also is important for 

folding o f  the receptor and/or transport across membranes, but the function o f 

the other proteins is unknown. Upon horm one binding the complex is 

dissociated from hsp90 and the receptor is activated by a conformational 

change. The activated receptors dimerize before binding to DNA at specific 

hormone response elements. Activated receptors may interact directly w ith 

response elements o f  DNA or may interact w ith other transcription factors to 

influence gene transcription.
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ER and PR  are found in  many tissues o f essentially all animal species. 

This discussion will focus on those that are found in human or rat decidua, 

fetal membranes, placenta and myometrium. In human decidua, the 

concentrations o f  ER mRNA incresae 3 to 4-fold around the tim e o f  labour 

onset, whereas PR  m RNA does not change (201). In human myometrial tissue, 

levels o f  ER  and P R  are absent or low throughout pregnancy, perhaps due to 

the relatively low sensitivity o f  the methods used (202). However, in the rat 

myometrium, there is no change in nuclear ER from day 16 to 20 o f  pregnancy 

and PR  from day 16 to 18, nuclear PR  concentrations begins to fall from day 

18 onwards and nuclear E R  increases sharply from day 20 to 22 (delivery), 

indicating that an alteration o f  the nuclear receptor balance away from P4 

dominance towards estrogen on the day parturition (180). These data suggest 

that a change in the biological action o f  estrogen or P4 might be accomplished 

by changing concentrations o f  receptors rather than the ligands themselves.

This is a concept that we have addressed further in chapter 5 o f  this thesis.

1.5.5.1.3. Iso forms o f  PR and ER

PR:

PR exists in target tissues as several distinct isoforms. In the human, 

the 933-amino acid PR-B contains a N-terminal 164-amino acid upstream 

segm ent (BUS) which is m issing in the truncated 769-amino acid PR-A (203- 

205). The two isoforms are synthesized from a single gene but initiated from 

two promoters giving rise to two different RNA transcripts (205, 206). Both 

PR-A and PR-B have A F 1 and AF2 regions. Only PR-B processes AF3 in the 

BUS and this requires an intact DBD to be transcriptionally active. In general, 

PR-B transactivation is stronger than PR-A, probably due to transcriptional 

synergism between AF3 and one o f  the other AFs (207).
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PR -A  can inhibit the activities o f  PR-B as w ell as other members o f  the 

steroid receptor family (208) including the androgen receptor and 

glucocorticoid receptor (GR). Recently, an inhibitory function domain (IF) has 

been found in both isoforms (209). The IF is located in a 292-amino acid 

segment lying upstream o f  A F 1. It represses the activity o f  PR-A but not PR-B 

due to constraints imparted by the BUS w hich contains AF3 (209). These 

observations may explain why only PR-B can activate transcription in the 

presence o f  some anti-progestins. The IF is functionally independent and 

strongly represses transcription. W hen the IF is fused into the N-terminal 

region o f  ER, it silences ER-dependent transcription.

Though the two PR isoforms are transcribed from the same gene, two 

functionally distinct promoters have been found in both humans (205) and rats 

(206). By using the human PR  gene 5 ’-flanking sequences as promoter regions 

in a chimeric gene, Kastner et al. (205) showed that the first functional 

prom oter (located between -711 and +31) directed initiation o f  transcription o f  

hPR-B mRNAs from starting sites located at +1 and +15 (ATG for hPR-B 

translation located at +744). M ore importantly, there is second promoter 

located between +464 and +1105 to initiate hPR -A  m RNAs and transcription 

start site is located between +737 and +842 (A TG  for hPR-A translation 

located at +1236). The rat PR gene 5’-region is structurally similar to its 

human homologies, although the rat PR  5’-untranslation region is 

approximately 15 %  smaller. Two functionally prom oters (-131/+65 and 

+461/+675) also have been found in rat PR  gene (206). (Fig. 1-6)

A  third PR isoform, PR-C has recently been reported in human breast 

cancer cell line (210). PR-C is also a N-term inally truncated product but 

smaller than PR-A. It has only the second zinc finger o f  the DBD but has an 

intact HBD. It is possible that PR-C has a specific P4 binding function (210,
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211) and acts as a selective suppressor o f  P4 action by binding to P4 to curtail 

P4-binding to active receptor forms.

A lthough expression o f  PR  expression is known to be regulated by 

estrogen, the m olecular mechanisms underlying this regulation are not well 

understood. In the human PR promoter, no classical estrogen responsive 

element is detected in the corresponding sequences but both prom oters are 

estrogen inducible (205). In rats, there are four weak, but functional, imperfect 

EREs as w ell as several half-sites, widely spaced and spread in the 5’-flanking 

region and the 5 ’-untranslated region (212).

In spite o f  the importance o f  P4 throughout pregnancy, there is little 

information concerning the concentrations o f  PR-A, PR-B and PR-C in 

pregnant uterine tissue. Ogle et al. (213) reported that PR-C was the dominant 

form in rat decidual basalis in early gestation. Studies in this thesis report the 

gestational changes and differential expression o f  PR  in rat uterine tissues in 

late pregnancy (see chapter 5). These types o f  studies may be important 

because in primates, including the human, there is no decrease in maternal 

plasm a P4 levels before parturition occurs. A  change in the relative expression 

o f  the PR  isoforms, could achieve a “P4 withdrawal” within intrauterine tissues 

without changes in concentrations o f  P4 or in total binding o f  P4 to uterine 

tissues. This thesis provides some data addressing this hypothesis which may 

help us to better understand the role o f  P4 in controlling the labour onset.

ER:

The original human ER (now known as E R a) gene is localized on 

chromosome 6. In 1995, a second isoform  o f  ER, ERp was discovered and 

localized on chromosome 14 (214). The ERp protein is smaller than the E R a 

but possesses the modular structure o f  distinct functional domains 

characteristic o f  the members o f  the superfamily o f  nuclear receptors. The
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amino acid sequence in both DBD and HBD demonstrates considerable 

homology between E R a and ERP (215). The specific physiological actions o f  

ERp and its functional interaction with E R a have not yet been resolved, 

although studies indicate that E R a  and ERP can interact in vitro , cross­

signaling with each other (216).

Relative binding studies in vitro have shown that many ligands have a 

similar affinity for both isoforms but some ligands, for example, 17P-estradioI 

has an ERa-selective agonist potency and 16P,17a-epiestriol has an ERp 

selective agonist potency (217). Furthermore, some anti-estrogens, such as 

tamoxifen (TAM) and 4-OH-TAM, have partial ERa-selective 

agonist/antagonist function but a pure antagonist effect through ERP (217).

Estrogens regulate the transcription o f  target genes by two types o f 

mechanisms. The classical type o f  response consists o f  receptor homodimers, 

occupied by ligand, binding to ERE to stimulate transcription. The ER may 

also mediate gene transcription from an activator protein 1 (A P I) enhancer 

element that requires ligand and the A PI transcription factors, Fos and Jun for 

transcriptional activation. However, E R a and ERp function differently at A P 1 

sites. When activated by 17P-estradiol, E R a stimulated transcription whereas 

ERP inhibited transcription (218).

Some biologic responses may only be elicited by a specific receptor 

isoform. Young et al. (219) found that OTR was increased several-fold in 

response to estrogen treatment in the wide-type mouse brain, but this increase 

in OTR binding was completely abolished in knockout mice lacking ERa. 

These data suggest that E R a  is absolutely essential for the induction o f  OTR 

binding, at least in the brain tissues (219).
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L5.5.1.4. Effects o f  Sex Steroids on OT and OTR Gene Expression

Estrogen, Progesterone and  the O T  gene

Several studies have demonstrated the im portance o f  estrogen and P4 in 

regulating intrauterine OT gene expression. Both rat and human OT genes 

contain ERE and additional h a lf  ERE. Richard et al. demonstrated that these 

EREs are estrogen sensitive in transfected cells (56). However, very recent 

studies by Stedronsky et al. (60) showed that ER  has little or no interaction 

w ith ERE located in the human OT gene in estradiol-stimulated breast cancer 

cells. Furthermore, the prom oter o f  the OT gene has no P4 responsive elem ent 

(PRE), suggesting that the effects o f  P4 m ight be through indirect or non- 

genomic mechanisms. Estrogen significantly increases OT mRNA and OT 

peptide in late gestational human amnion-chorion-decidua tissues using an in 

vitro  explant system (201). P4 appears to have a variable effect but in one study 

it appeared to block the estrogen-induced increase in m RNA encoding OT 

(201). Lefebvre et al., (220) using non-pregnant rats treated with estrogen, P4 

or both steroids over several days, demonstrated that estrogen stimulated O T 

gene expression in uterine tissues. P4 alone had little or no effect on OT gene 

expression. However, i f  P4 was combined with estrogen, it had a strong 

synergistic stimulatory effect on uterine OT gene expression.

In both humans (221) and rats (222), increased secretion o f  OT from  the 

pituitary has been correlated w ith high concentrations o f  maternal serum 

estradiol. Exogenous estrogen can increase plasm a O T concentration in 

w om en (221). However, the effects o f  estrogen on hypothalamic OT gene 

expression in vivo have not been consistent. Estrogen administration to 

ovariectom ized rats has been reported to reduce (223), increase (224), or leave 

unchanged (225) OT m RNA in OT neurons o f  the hypothalamus. P4 has been 

show n to increase OT m RNA in the PVN (226). In contrast, another study 

demonstrates that exogenous P4 implants decrease O T mRNA in the PVN and
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SON in late rat gestation (227). Amico et al. (227) treated ovariectom ized rats 

with implants initially w ith estrogen and P4 and later removed only the P4 to 

mimic steroid changes in late gestation. They found OT mRNA w as increased 

in the hypothalam us o f  animals receiving this regimen compared to sham  

treated cohorts, but no increase was found in OT mRNA, i f  estrogen w as not 

administrated or i f  P4 was not withdrawn prior to sacrifice. These data  suggest 

that both estrogen and P4 are important but P4 withdrawal plays a  pivotal role 

in induction o f  the hypothalamic OT gene in the estrogen-primed rat.

Estrogen, Progesterone and the OTR gene

There is considerably more evidence for sex steroid regulation o f  OTR, 

compared to the evidence for that o f  OT. In 1975, Soloff et al. reported that 

estrogen increased the num ber o f  OTR in rat uterine tissues and this could be 

blocked by concurrent administration o f  P4 (129). Similar results have been 

obtained using rat uterine explants (228) and in human myometrial cells in 

primary culture (229). W ithdrawal o f  P4 from estrogen-pretreated pregnant 

rats results in prom pt resumption o f  O TR synthesis (230).

M ost O T binding sites are upregulated by estrogen. This includes 

hypothalamic (88), pituitary (231), uterine (232) and renal (94) OT binding 

sites. Furthermore, treatment o f  immature ovariectomized rats w ith estradiol 

significantly increases uterine OTR m RNA levels (4- to 5-fold) and O T 

binding (6-fold), while cotreatment w ith P4 strongly reduces OT binding by 75 

% but does not significantly affect the estrogen-induced rise in O TR  m RN A  

(147, 232). However, P4 alone has no effect on either OTR m RNA or O T  

binding in imm ature rats (147). In non-pregnant sheep, P4 alone acts as an 

inhibitor for expression o f  myometrial O TR  gene (233)

Evidence suggests that the effects o f  estrogen and P4 are m ediated in 

different ways. The rat O TR gene contains several sites corresponding to ERE
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and h a lf  ERE palindromes (103, 107) and there is no PRE in the OTR gene. 

S o lo ffs  laboratory (234) demonstrated that the estrogen-induced up-regulation 

o f  O TR protein required ongoing protein synthesis but the specific P4-induced 

down-regulation was also observed in the presence o f  protein synthesis 

inhibitors. This information suggests that estrogen regulation occurs, at least 

in part, via increased receptor biosynthesis or involves synthesis o f  protein 

mediators. The estrogen effect might also be m ediated by an increase in OTR 

m RN A  stability. Conversely, the effects o f  P4 on OTR may involve protein- 

protein interactions between preformed proteins or nongenomic mechanisms.

Studies in the hum an nonpregnant uterus have given more confusing 

results. Myometrial O TR concentrations were lowest in both menopausal 

wom en who have a very low estrogen concentrations and in cyclic women at 

mid-cycle who have high estrogen concentrations (235). There was no 

correlation with urinary estrogen concentrations. The highest myometrial OTR 

concentrations were found in the late luteal phase and were positively 

correlated with urinary P4 metabolite concentrations, suggesting that P4 does 

not suppress myometrial O TR  levels in the late luteal phase.

The data from rats and primates suggest that the regulation o f  OTR may 

be different between these two species. Alternatively, it is possible that there 

is a  paracrine system w ithin the human uterus wherein estrogen and P4 

concentrations are not reflected in serum or urinary measurements.

1.5 .5 .1.5. Sex Steroid Antagonists 

Antagonists

Hormone antagonists are compounds that com pete with hormones for 

receptor binding but fail to trigger the normal response and thereby inhibit the 

action o f  the hormones.
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Antiestrogens:

The first synthetic antiestrogen to be described was a triphenolic  

compound called M ER25. Although this antiestrogen is too toxic to be used 

clinically, it led to the synthesis o f clomiphene, another antiestrogen used in 

induction o f  ovulation in subfertile women. Later, numerous antiesUrogens 

have been developed, particularly for treatment o f  advanced breast cancer.

The main therapeutic antiestrogen that has been used to date is TAMI.

TAM  has a triphenyl-ethylene structure with tw o rings corresponding to 

the A  and D rings o f  estradiol. TAM is converted, m ainly in the liverr, to 4- 

hydroxytamoxifen, and this converted form increases its affinity for tihe ER, 

and consequently its potency by approximately 100-fold (236). The mlkylamide 

side-chain o f  TAM  is essential for its antiestrogenic activity. A lthough  TA M  

has turned out to be an effective drug for the treatm ent o f  hormone daependent 

breast cancer, it was recognized that it was actually a  partial agonist. The 

relative antagonistic and agonistic activities depend on  the physiological 

response. For example, in the high estrogen milieu, such as late pregmancy, 

TAM acts as a strong antagonist.(237). The binding site for TAM  overlaps 

with that o f  estrogen binding site, so it acts as a competitive inhibitor o f  

estrogen action. TA M  binding allows the receptor to dimerize and bimd to 

DNA with high affinity, but blocks transcriptional activity. The agomistic 

activity is thought to tie  derived primarily from AF1, which appears tco function 

even when TAM  is bound to the receptor, (as reviewed in (238))

More recently developed antiestrogens such as ICI 182780 are 

completely devoid o f  agonistic activity and are referred to as pure 

antiestrogens. The effectiveness o f  ICI 182780 as antiestrogen depen ds on an 

alkylamine side chain with an optimum length o f  16 -18 carbon a to m s at the 

7 a  position in the B ring in the steroid. The mechanisms o f  action o f  this pure 

antiestrogen may be two-fold. First, it prevents nuclear uptake o f  the 1ER so
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that during the  process o f  nucleocytoplasmic shuttling the receptor accum ulates 

in the cytoplasm  and is degraded, thus causing a decrease in the cellular 

content o f  receptor protein by m arkedly reducing its half-life (239). Second, 

ICI 182780 disrupts dimerization, thus inhibiting DNA binding. In  vitro  

studies show ed that this interfering w ith dim erization was due to the 7 a  long 

carbon side chain (238).

Estrogens are known to produce an increase in uterine blood flow  and 

volum e as w ell as an increase in uterine w eight (240). Estrogens are also 

essential for fetal growth during pregnancy (240). The mechanisms o f  action 

o f  estrogen in inducing increased blood flow  could be through their receptors 

present in the uterus or by a direct effect on vascular smooth m uscle. Increases 

in uterine blood flow and the stimulation o f  various m acromolecular syntheses 

in the uterus-fetal compartment result in both uterine and fetal grow th. M ajid 

et al. (241) have shown that in the rat, a  single injection o f estrogen resulted in 

a peak in uterine blood flow 3 hours later and increased uterine w et and dry 

weights 24 hours after the injection. Pretreatm ent with TAM inhibited or 

reduced significantly the uterine w eight and uterine blood flow responses to 

estrogen. Furthermore, TAM inhibited endom etrial cell division in the 

immature rat (242) and the process o f  decidualization in pseudopregnant rat 

(243). How ever, there is little inform ation about the effects o f  TA M  during 

late gestation. W hether TAM can affect the gestational length and the fetal 

growth need further investigation. In chapter 3 o f  this thesis, further data is 

presented regarding the effects o f  TA M  on rat fetal growth and in the  process 

o f  parturition.

Antiprogesterone:

A fter the discovery o f  the PR, ideas began to form about a m olecule that 

could com pete w ith P4 for its binding site on the receptor, and at the sam e time
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block the receptor in  a non-functional formation. In 1975, a  mid-cycle form o f  

contraception by adm inistration o f  an antiprogesterone was proposed, but it 

w as difficult to use. The search for a better P4 antagonist was based on studies 

that had previously produced efficient anti-estrogens such as nafoxidin and 

TAM . New P4 antagonists were tested, among which Roussel U c la f s RU486 

(mifepristone) turned out to be the most interesting one (244). RU486 binds 

w ith high affinity to  the receptors for progestins and glucocorticoids, and 

antagonizes both their activities. Its structure resembles that o f  P4 and cortisol 

but contains an 1 ip-ary l substitution. RU486 interacts directly with the HBD 

o f  PR  or GR and competitively inhibits P4 or glucocorticoid binding. Upon 

horm one binding, RU486 prom otes displacement o f  heat shock proteins, 

perm its dimerization and facilitates association o f  the receptor with DNA. 

However, DNA binding does not trigger transcriptional activity.Recently, some 

studies have shown that the binding o f  RU486-PR complexes to DNA may 

exhibit agonistic activity in som e tissues, such as the prim ate endometrium (as 

reviewed in (245)).

A  subsequent antiprogesterone compound (ZK98299; onapristone) has 

been extensively studied. Onapristone and RU486 show differences in various 

in vitro and in vivo m odels w ith regard to pharmacodynamic and 

pharmacokinetic properties. The binding affinity o f  onapristone to PR and GR 

is a little lower than that o f  RU486. The molecular m echanisms o f  action o f 

onapristone seem to differ from RU486 in that onapristone impairs the binding 

o f  the PR  complexes to the PRE in the promoter o f a PR-regulated gene. Thus, 

onapristone may be considered as a “pure” P4 antagonist (as reviewed in 

(246)).

Antiprogesterone effects during pregnancy vary according to species 

and stage o f  pregnancy. Species with physiological P4 withdrawal at term, 

such as rats and sheep respond to RU486 during late pregnancy by preterm
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delivery shortly following administration (247). Primate species appear to 

respond better to onapristone (as reviewed in (246)). RU486 alone did not 

successfully induce preterm parturition in monkeys but it was very effective in 

inducing deliveries in combination with OT. In contrast, onapristone alone 

could effectively induce parturition in non-human primates. In humans, 

RU486 is not effective alone in inducing second trimester abortions, but is 

highly efficacious in combination with a prostaglandin (245). The scant 

clinical data available show that term labour can be induced w ith  RU486 alone 

in approximately 50% o f  women.

To further investigate the mechanisms underlying the mechanisms o f  

antiprogesterone, we have studied the effects o f  RU486 on uterine sex steroid 

receptors, OT, OTR and prostaglandins (PGs) in late rat gestation (Chapter 4).

1.5.5.2. Interactions between OT and PGs

Several previous studies have suggested an interesting relationship 

between PGs and OT. Flint e t al. found a role for luteal OT as well as PGF2a 

in the control o f  luteolysis in ruminants, proposing that a positive feedback 

mechanism operates between luteal OT and uterine PGF2a (31). In  pregnant 

intrauterine tissues, OT stimulation o f  the myometrial OTR leads to an 

immediate influx o f  Ca++ into the myocyte cytoplasm from both extracellular 

and intracellular sites', resulting in a contractile response (108). However, 

W ilson et al. reported that OT at physiological concentrations also stimulated 

the immediate release o f  free arachidonic acid (AA) in dispersed human 

decidual cells in a perfusion system. This AA may be used to enhance 

prostaglandin synthesis (248). Furthermore, Fuchs et al. (249)showed that OT 

causes a significant increase in the production o f  both PGE and PGF in decidua 

and in the production o f  PGE in amnion but had little effect on myometrial 

PGF or PGE production. Similar findings have been reported in rat
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endometrial cells (184). These data suggest that OT is a  physiological 

stimulatory factor for PG production in rat endometrium and human fetal 

membranes.

Several studies suggest that PGs are important stimulants o f  OTR 

synthesis. U sing the rat model, A lexandrova et al. (250) found that the 

adm inistration o f  PGF2a to day 18 pregnant dams resulted in premature 

delivery on day 20 and this PGF2a-induced labour was associated w ith a rise in 

the concentration o f  myometrial OTR. The PG synthesis inhibitor naproxen 

markedly attenuated in vitro PGE2 and PGF2a release and delayed the increase 

in O TR concentration by 24 h in term  rats. However, co-administration o f  

PGF2ot reversed the suppressive effects o f  naproxen on OTR, suggesting the 

late gestational increase on OTR can be blocked with PG synthesis inhibitors 

(251). Therefore, it is possible that there is also a positive feedback system 

between O TR and PGs within intrauterine tissues. This paracrine interaction 

w ithin the pregnant uterus may increase myometrial contractility at the time o f 

parturition.

I.5.5.3. Im m une M ediators

Recent evidence supports an association between the occurrence o f  an 

intrauterine inflammatory response and labour onset, either at term or preterm. 

However, the precise mediators connecting these two events are unknown. In 

the past few years, three lines o f  evidence suggest that the immune system 

plays some role in the process o f  parturition. First, around the time o f  labour 

onset, there is influx o f  bone m arrow-derived cells o f  the immune system into 

the decidual lining o f  the pregnant uterus (252). These cells account for 47% 

o f  total decidual cells at term  and include macrophages (18 %), large granular 

lymphocytes (3 %) and T cells (8 %). The remaining cells, the proportion o f  

which varied between individuals, are CD 16-positive granulocytes. Second,
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the concentrations o f  cytokines in amniotic fluid are elevated at the time o f  

term  or preterm and m arkedly increased in labour accom panied by intrauterine 

infection. Third, human decidua is capable o f  synthesizing cytokines. 

Decidual cells produce PG s in response to many o f  these cytokines (253).

l.S.S.3.1. Inflammatory Cytokines

Cytokines are a group o f  polypeptides that act non-enzymatically to 

regulate the growth, differentiation, and function o f  cells. Generally, cytokines 

are produced in relatively sm all quantities to act locally in  a  paracrine or 

autocrine role, with a few being released into circulation in measurable 

amounts. Therefore, they are crucially important in the local as well as the 

systemic reactions o f  the acute phase response, and in bo th  the cellular and 

humoral arms o f  the immune system.

Cytokines in intrauterine tissues:

Abundant recent data implicate the inflammatory cytokines IL -ip , IL-6 

and T N F a in the m echanism  o f  human parturition. In the  amniotic fluid o f 

preterm women associated w ith clinically evident infection, the concentration 

o f  T N F a (254), IL-1 (3 (255) and IL-6 (256) are m arkedly increased. These 

levels are also increased at norm al term labour and preterm  labour in the 

absence o f  infection (257). M aternal serum IL-6 concentrations increase 

significantly at the time o f  norm al term parturition (257). Human decidua has 

been shown to be a m ajor source o f  all three inflam m atory cytokines (258- 

260). However, only a very sm all fraction o f  cytokines synthesized in the 

decidua (e.g. 4 - 7 % for IL-6) may be transmitted across the fetal membranes 

intact, suggesting that the cytokines in amniotic fluid are unlikely to be a 

reflection o f  decidual cytokine production (261). It is likely  that the majority 

o f  cytokine production in intrauterine infection is from  inflamm atory cells that
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have infiltrated to  the amnion and not from local decidual cells. Furthermore, 

the syncytiotrophoblast o f  placental villi also are a potential source o f  

cytokines. Chorion secretes more IL-6 than decidua under basal conditions and 

this increases in response to IL -ip  stimulation (as reviewed in (262)). The 

increases in decidua or chorion IL-6 production in response to IL -ip  and 

T N Fa can be dem onstrated at the mRNA level (260, 262).

There m ay be m any interactions among cytokines, involving positive 

feedback m echanism s w ithin intrauterine tissues, particularly in decidual 

tissue, that am plify local production o f  inflammatory mediators. As noted 

previously, IL -lp  can induce expression o f  T N F a  and IL-6, while T N Fa also 

induces the expression o f  IL-6 and IL -ip  (260). These two cytokines can also 

enhance their ow n production. However, there is no evidence showing that IL- 

6 has any positive effect on T N Fa or IL -ip  production but inhibitory effects 

on the secretion o f  these two cytokines in response to LPS.

Cytokines and  parturition:

Each o f  the three inflammatory cytokines was shown to stimulate the 

rate o f  production o f  PGE2 by amnion cells and decidual cells in vitro (as 

reviewed in (262)). The concentrations o f  these cytokines required for such 

stimulatory actions are within the ranges measured in amniotic fluid o f  women 

with intra-amniotic infections. Infusion o f  IL -ip  into the amniotic fluid o f  

rhesus monkey in the preterm  period resulted in significant increases in intra- 

amniotic T N F a as well as PGE2 and PGF2a accompanied by preterm labour 

(263). The m echanism s whereby cytokines stimulate PG biosynthesis have 

been extensively studied. There is evidence that T N F a  and IL -lp  can induce 

fibroblast PGHS protein (185, 186). Cytokine-induced stimulation can be 

mediated by transcription factors, such as nuclear factor-IL6 (NF-IL6) (see 

later). It has been suggested that T N Fa may also directly stimulate AA release
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in hum an neutrophils (264). M oreover, recent studies have shown that both 

IL-1 and T N F a  increased endothelin, another uterotonic agent produced by 

amnion and this stimulatory effect was noted at the mRNA level. E ndothelins, 

however, do not cross the fetal m em branes to any significant extent (262).

Several research groups have investigated whether certain cytokines or 

LPS can induce preterm birth in anim al models. Romero et al. reported that 

administration o f  IL-1 a  to day 15 pregnant C3H/HeJ inbred mice (genetically 

endotoxin resistant) induced preterm  labour within 24 hours (265). Others a lso  

found that preterm  parturition occurs after intra-amniotic administration o f  IL -  

l a  and T N F a in pregnant rabbit (266). Moreover, intraperitoneal injection o f  

LPS to C3H/HeN pregnant mice at 15 days o f  gestation (70 % gestation) 

induced preterm  delivery associated w ith large increases in maternal serum 

concentrations o f  T N Fa , IL-6, and IL-1 a  and in amniotic fluid concentrations 

o f  IL-6 and IL-1 (267).

Based on these data, we have proposed that certain cytokines in 

intrauterine tissues are important m ediators o f  parturition and have initiated 

experiments to determine their effects on expression o f OTR in the rat uterus 

(Chapter 6).

1.5.5.3.2. Transcription Factors

Recently, the mechanisms o f  cytokines in regulation o f  the target gene 

in the local reproductive tissues have been extensively studied. The effects o f  

inflammatory cytokines on myometrial activation are likely to be mediated by 

transcription factors. The transcription factors may further regulate the 

expression o f  the CAP such as OTR, connexin 43 and PGHS.
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Nuclear fac to r IL 6  (NF-IL6):

NF-IL6 is a transcription factor that regulates transcription o f  many 

genes in the immune system. Originally, it was identified as a  m ediator 

binding to the IL-1-response elem ent o f  the IL-6 gene. Recently, it was found 

to  induce a num ber o f  acute-phase proteins in response to LPS, IL-1, IL-6, 

T N F a and nerve growth factor in many cells. It is activated by 

phosphorylation with PKC and/or other kinases. Following phosphorylation, 

NF-IL6 translocates to the nucleus and dimerizes at the leucine zipper domain. 

Thus, the carboxy-terminal basic dom ain interacts with target DN A. Target 

gene transcription can be stim ulated or inhibited by NF-IL6. T he amino 

terminal region o f  NF-IL6 protein is responsible for transactivation and this 

can be inhibited by M AP kinase m ediated by phosphorylation o f  the internal 

portion o f  the m olecule (as reviewed in (268)).

The consensus response elem ent for NF-IL6 is T(G/T)NNGNAA(G/T). 

Rat OTR promoters contain six  (twice in reverse orientation) and three o f  these 

motifs respectively. The role o f  NF-IL6 in regulation o f  O TR gene expression 

has not been studied. The hum an PGHS -2 gene promoter also has two NF- 

IL6 response elements (269) that may mediate the TN Fa-inducted stimulation 

o f  PGHS -2 expression (185). NF-IL6 is also a major regulatory factor o f  

PGHS -2 transcription in rat sm ooth muscle cells (270) and hum an pancreatic 

islets (271).

Acute-phase response fa c to r  (APRF) and  NF-1 -relatedfactor:

APRF is a m em ber o f  the STAT family o f  transcription factors. Rat 

O TR has four acute-phase response elements (CTGGGA), recognized by 

APRF. Three motifs are centered upstream  o f  the cap site and one m otif is 

within intron one. The m otif is present and functional in a series o f  other IL-6- 

regulated acute-phase response genes. Rat OTR also contains a  TGGCA
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motif, an elem ent recognized by an NF-1-related factor that is found associated 

with IL-1-responsive promoters (103).

Activator protein  1 (AP-1):

Estrogen is a primary regulator o f  OTR through direct controlling 

expression o f  O TR  gene in human and rat tissues. In fact, there are one 

palindromic ERE in the 5 ’ flanking region as w ell as several widely spaced 

half-palindromic EREs (TGACC or GGTCA) in the rat OTR gene 5’ flanking 

region, w ith one located at 25 bp 5’ to the cap site. It is possible that these half 

EREs may confer estrogen responsiveness, as is the case with the chicken 

ovalbumin gene (272). A n alternate or additional possibility is that the sex 

steroid effects are indirect and mediated by other factors. One o f  possibilities 

is through AP-1, another transcription factor. This mechanism involves 

protein-protein interactions with the ER m odulating the activity o f  A P-1. AP-1 

consists o f  hom o- or heterodimeric o f  Fos and Jun oncoproteins. Both rat and 

human OTR prom oters contain AP-1 binding sites, suggesting potential 

regulation by c-Fos/c-Jun heterodimers. Fos and Jun are expressed at low 

levels in myometrial tissue but their mRNAs can be increased by estrogen 

treatment (273, 274). P4 can inhibit the estrogen-induced increase in c-fos in 

rat uterus (275). The prom oter region o f  Cx-43 gene, a major gap junction 

protein also has two A P -1 sites. The estrogen-induced increase in Cx-43 in 

late pregnancy is preceded by an increase in c-fos and c-jun expression, 

associating w ith activation o f  the myometrium in humans (276) and rats (277). 

Inflammatory cytokines IL -ip  and T N Fa can stim ulate AP-1 gene expression 

in human hepatom a cells (278). There is little information about the 

interactions among the inflammatory cytokines, AP-1 and the gene expression 

for contraction associated proteins.
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Interactions among transcription factors:

Adding to the complexity o f  control mechanisms for gene expression 

are the permutations o f  possible protein-protein interactions among 

transcription factors. The basic leucine zipper domain o f  NF-IL6 can interact 

with other members o f  the bZEP family, including Fos and Jun. Estrogen 

receptors also can directly interact with NF-IL6 and modify their interaction 

with DNA. NF-IL6 homodimers can bind to both NF-IL6 and AP-1 sites, 

whereas Fos and Jun cannot bind to most NF-IL6 sites. Furthermore, some 

studies indicate that NF-IL6 also binds to acute phase response elements 

(CTGGGA). Many acute phase protein genes harbor both NF-IL6 and STAT 

binding m otifs in their promoter region, suggesting that these two families 

synergistically activate acute phase protein genes (as reviewed in (268)).

Based on this information, there is a speculation that the interactions 

between the cytokine related transcription factors and response elements in 

prom oter regions o f  the genes for contraction associated proteins have great 

potential for positive feedback mechanisms that may be important in the 

evolution o f  labour.

1.5.5.3.3. Ratio ofTh-2 to Th-1 Specific Cytokines in Parturition

W ithin the immune system, the activation o f B and cytotoxic cells 

depends on a variety r>f cytokines that are synthesized and secreted by several 

kinds o f  T  helper (Th) cells. During normal human and mouse pregnancies 

there exists a dominance in Th-2 specific cytokines within the uterine 

environment, wherein Th-2 activity is increased and Th-1 activity is decreased 

(279). Th-2 cells produce cytokines, such as IL-4, IL-5, IL-6, IL-10 and IL-13, 

which stimulate antibody generation. Th-1 cells, however, produce cytokines, 

such as IL-2, TNFp and INFy, that are needed for cellular responses. 

Throughout most o f  pregnancy, there is an enhanced maternal humoral
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imm une response and a diminished cellular response. Normally, Th-2 

cytokines are beneficial to both mouse and hum an trophoblast, whereas Th-1 

cytokines lead to fetal demise in the mouse (280). A ccording to the current 

theory, the Th-2 cell activity dominates during pregnancy because Th-2 

specific cytokines are required for the m aintenance o f  pregnancy and perhaps 

for the normal developm ent o f  the fetus, whereas Th-1 cytokines may be 

detrimental to pregnancy, and their actions may be responsible for labour 

onset.

Mosmann e t a l  (281) reported that IL-10 (a  Th-2 product) can down- 

regulate the function o f  Th-1 cells, and INFy (a Th-1 product) can inhibit the 

function o f  Th-2 cells. PGE2 is thought to be involved in the Th2/Th-1 

responses, but the role is still uncertain. Although PGE2 stimulates cAMP in 

both Th-1 and Th-2 cells, this results in inhibition o f  the function only o f  Th-1 

cell (282). Additionally, some studies indicate that the Th-2 cytokines (e.g. IL- 

4) may suppress PG release by inhibiting the secretion o f  the PG-stimulating 

Th-1 cytokines (283). This adds increasing strength to  the theory that Th-2 

cytokines maintain pregnancy, while Th-1 cytokines serve to terminate the 

pregnancy.

1.5.6. Summary

Parturition is a 'com plex process. It involves a multifactorial system o f 

interconnected positive-feedback loops. OT is a pow erful stimulant o f  the 

m yometrium and it has been used clinically to induce labour in women for ha lf 

a century. However, there is still controversy over its role in the endogenous 

mechanisms responsible for the initiation o f  term and preterm  labour. It is 

possible that OT secreted by maternal and fetal hypothalam us plays little role 

in the onset o f  labour, but intrauterine produced O T, as part o f  an intrauterine 

paracrine system, could regulate myometrial contractility. Interaction between
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PGs and O T  at the time o f  parturition could be an important com ponent o f  this 

paracrine system . The inflammatory cytokines accumulated in the am niotic 

fluid in pregnancies complicated w ith intrauterine infection and inflamm ation 

may have a  prim ary role in activation o f  this paracrine system. They also may 

play an im portan t role in the physiological process o f  normal parturition.

Other factors are also present in the uterus and influence certain aspects o f  

uterine function  in late pregnancy, but their physiological roles rem ain to be 

investigated.

E strogen  and P4 are mainly concerned as regulators o f  this paracrine 

system. T h e  ratio  o f  estrogen to P4 in the uterus possibly influences the 

contractility o f  the myometrium at the tim e o f  labour onset. The regulation o f  

estrogen a n d  P4 could be through several levels in the uterine paracrine 

network: contro lling  the synthesis o f  uterotonic factors (OT, PGs and etc.) and 

their receptors, influencing the quantities or differential expression o f  the 

isoforms o f  th e ir  own receptors, and m odulating the interactions am ong 

intrauterine paracrine systems. There could be important non-genomic as well 

as classical genom ic mechanisms o f  these steroids.

The involvem ent o f  OT in initiation o f  normal and preterm labour and 

the potential regulators o f  OT and O TR  in this paracrine network requires 

further investigation. The information provided in this thesis hopefully will 

provide a b e tte r  understanding o f  biological and physiological m echanism s o f 

rat parturition  at term  or during the preterm  period. This may form a basis to 

design better strategies for prevention or treatm ent o f  disorders o f  the tim ing o f  

parturition in the human.
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Figure 1-1 Rat OT gene and promoter region.

a. The schemes to show the structural organization o f  rat OT gene. 

Protein-coding regions are shown as boxes: SP, signal peptide; NP-I, 

neurophysin-1.

b. Prom oter region o f  the rat OT gene. Two imperfect palindromic 

ERE, four retinoic acid response elements (RARE) and tw o thyroid response 

elem ents (TRE) are indicated. Translation start site is indicated.
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Figure 1-2 Posttranslational processing o f  the OT-NP-1 preprohormone. 

The initial translation product is cleaved serially by endopeptidase and 

carboxypeptidase B enzym es and the  resultant OT-gly is acted on by a -  

am idating enzyme to form m ature amidated oxytocin.
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Oxytocin-GIy-Lys-Arg-Neurophysin I| Endopeptidase

Oxytocin-Gly-Lys-Arg + Neurophysin I| Carboxypeptidase B

Oxytocin-Gly + lysine + arginine

 ̂ a-Amidating enzyme

Oxytocin (NH2)



Figure 1-3 Metabolism o f  the OT molecule by enzymes m easured in human 

decidua or rat uterus. OT is metabolized through two major enzym es: cystine 

aminopeptidase w hich initially cleaves the cys^ ty r2 bond to open th e  ring 

structure and then cleaves amino acids from the amino terminal o f  the
•j

molecule, and post-proline endopeptidase w hich cleaves between th e  Pro and 

Leu8 amino acids.
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Figure 1-4 

a.

OTR gene and promoter region.

Com parison o f  the hum an and the rat OTR genes. Exons are 

represented as boxed and numbered. Percentages indicate 

identity o f  the regions indicated.
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Figure 1-4 OTR gene and promoter region.

b. The rat O TR  gene prom oter region. The m ain translation start 

site is indicated. Sequence elements corresponding to six N F-IL 6 sites, acute- 

phase response elem ents (APRE), a  potential S p l, and several AP-1 sites are 

indicated. Several h a lf  ERE and a palindromic ERE are indicated. Translation 

stop site is indicated.
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Figure 1-5 Signal transduction mechanism for the O TR in the myometrium. 

This receptor is a classic 7-transm embrane dom ain receptor linked through a 

G-protein to PLC. After receptor stimulation w ith OT, the a-subunit o f  the 

heterotrim eric G-protein hydrolyses GTP to GDP and releases the Py-subunit 

to stimulate PLC. This enzym e converts phosphatidyl ionositides to DAG and 

IP3. DA G  stimulates PKC activity causing phosphorylation o f  substrates 

w hich will characterized the response o f  the specific cell type. The IP3 

stimulates flux o f  Ca** into the cytoplasm through calcium channels, 

principally from  the sarcoplasmic reticulum but also from the extracellular 

space. The increased Ca*~* will combine with calm odulin to stimulate M LCK 

to produce myometrial contractions. In the decidua, a  characteristic response 

would be synthesis and release o f  PGs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

--4O

phosphatidyl inositol

G-protein

diacylglycerol

i

sarcoplasmi 
reticulum

calmodulin



Figure 1-6 The structure o f  rat PR  gene. Two prom oters, prom oter B 

(purple) and prom oter A  (yellow) are indicated. T he Exons are presented as 

boxes and numbered. The translation start sites (A TG ) for each isoform  are 

indicated. Rat PR  exists three isoforms and transcribes from the sam e gene. 

A /B, C, D, and E/F regions are indicated. DBD, D N A -binding dom ain; HBD, 

horm one-binding domain.
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2. MATERIALS AND METfflOPS

2.1. ANIMALS
All experiments were approved by the Institutional Animai Care 

committee. Time-mated, primigravid Sprague-D aw ley rats (approximately 250 

grams each) were transferred from C harles R iver Canada to our animal facility 

at day 12 o f  pregnancy. Food and w a te r  were available ad libitum. The 

lightrdark cycle was 12h :12h. E uthanasia  o f  the rats w as performed via 

intraperitoneal injection o f  Euthanyl™  at 100 m g/kg body weight. The blood 

was collected by heart puncture and alloowed to clot at 4° C. The clotted blood 

was centrifuged at 1,000 x  g  for 15 mini. Sera w ere collected, frozen and 

stored at -70° C. The uteri were removaed immediately after euthanasia.

Uterine tissues were frozen in liquid n itrogen  and stored at -70° C until RNA 

extraction or hom ogenization for radioiMitmunoassay (R1A) and enzyme 

immunoassay (EIA) or binding assays.

2.2. METHODS

2.2.1. Tissue Preparation for C ytosolic  and M icrosom al Fractions

Each frozen tissue sample was crrushed in a m ortars precooled with 

liquid nitrogen and placed on dry ice. A-pproximately one gram o f  crushed 

frozen tissue was hom ogenized in 3 ml trris-EDTA buffer containing 

monothioglycerol at 3 x  5 s setting 5 (Brrinkman Polytron) on ice. After 

homogenization, the sample was centriftnged at 1,000 x g  for 15 min and the 

supernatant was transferred to a fresh cemtrifiigation tube. The cytosolic 

fraction and microsomes were separated by centrifugation at 105,000 x g  for 

60 min at 4° C. The resulting m icrosom al pellet was resuspended in 25 mM 

Tris buffer and hand hom ogenized to fonm  a suspension for OT binding assay. 

The supernatant as cytosolic fraction was: collected for PG E2, ER and PR
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assays.

2.2.2. Radioim m unoassay

Serum  estradiol (E2) and Progesterone (P4), OT, and PG E2 were 

m easured by RIAs. The RIA procedures and antisera for the E2 and P4 assays 

have been described previously (1). The samples were extracted from sera and 

incubated w ith radiolabeled estradiol or progesterone and antibody overnight at 

4° C. Free and bound steroids were separated with dextran-coated charcoal. 

A fter centrifugation at 3,000 x g  for 15 min, the supernatant was counted by 

scintillation spectrometry. TAM  did not interfere in the E2 RIA.

OT peptide was determined by R IA  according to the procedure 

described previously (2). The antibody for O T was generously provided by Dr. 

A. P. F. Flint. It does not cross-react significantly with vasopressin or other 

know n peptides. Briefly, one gram o f  frozen uterine tissue was homogenized 

in 4 ml acid buffer (5% formic acid, 10% trifluoroacetic acid and 1% NaCl in

1.0 N  HC1) and centrifuged at 1,000 x g  for 30 min. The supernatant or serum 

treated w ith acid buffer was passed through C-18 Sep-pak cartridges (Waters, 

M ilford, M A). OT was eluted from the colum n with 75% acetonitrile in 0.01 

M  trifluoroacetic buffer. The extracts w ere dried and then dissolved in 0.5 ml 

R IA  buffer containing 50 mM sodium phosphate and 10 mM 

ethylenediam inetetraacetic acid (EDTA). A  25 - 50 pi aliquot was incubated 

with 5,000 cpm [125I]OT (New England Nuclear-DuPont, Boston, MA) and OT 

antibody overnight at 4° C. After incubation w ith a second antibody (rabbit 

anti-sheep serum) and normal sheep serum, the samples were centrifuged at

1.000 x g  for 15 min. The supernatant was aspirated and the pellet was 

counted in a G eiger spectrometer.

The PG E2 assay has been described previously (3). The antiserum 

specific for PG E2 was provided by Dr. Leslie M yatt from the University o f
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Cincinnati. The cytosolic fraction after high speed centrifugations was used 

for the assays. Briefly, 0.5 ml samples with 3 ml citrate buffer containing 15 

% ethanol were passed through C-18 Sep-pak cartridges pre-equilibrated with 

4 ml 95%  ethanol and 4 m l double distilled H20 .  The colum n was washed 

with 2 m l H 20  and 3 ml petroleum ether. PGE2 was eluted from  the column 

with 3 mi ethylacetate. The eluted PGE2 was dried and reconstituted with 

sodium phosphate buffer containing gelatin. A  50 - 100 p i aliquot was 

incubated with [3H]PGE2 (New England Nuclear Corp., Boston, MA) and 

antibody overnight at 4° C. Free and bound PGE2 were separated with 

dextran-coated charcoal. A fter centrifugation at 3,000 x g  for 15 min, the 

supernatant was counted by scintillation spectrometry.

2.2.3. Enzym e-im m unoassay

The ER concentrations in uterine tissue cytosols were measured by EIA 

using a monoclonal antibody kit (Abbott Laboratories, M ississauga, ON). This 

antibody measures both occupied and unoccupied receptors and the ER 

measurements are not affected by the presence o f  physiologic concentrations o f 

other steroids, including TAM  at 10'9 M. Higher concentrations o f  TAM (= 10* 

7 M) may result in overestimation o f  ER by 40 - 100% (m anufacturer’s 

information sheet). ER-EIA assay was performed according to the 

m anufacturer’s instruction. Briefly, 200 pi o f 0, 5, 25, 100, and 250 fmol/ml 

standards and 100 pi cytosol samples and control with 100 pi o f  Specimen 

Diluent w ere added into assigned wells. An ER bead was added to each well, 

gently tapped and incubated at 4 C for 18 h. After washing the ER  beads, 200 

pi o f ER Conjugate were dispensed into each well and incubated in a 37° C 

water bath for 60 min. Finally, the beads were transferred into the reaction 

tubes, m ixed with 300 ml o f  OPD Substrate Solution and incubated at room 

temperature for 30 min . A fter adding 1 ml o f  1 N  sulfuric acid to each tube,
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all the standards, control and samples were read at 492 nm in 

spectrophotometer (Abbott Laboratory, N orth Chicago, IL).

PGF2ct concentration in uterine tissue cytosols were measured by ELA. 

The assay used an ACE™  ELA kit (Cayman Chemical Co., Ann Arbor, MI) 

and was perform ed according to the m anufacture’s instruction. Briefly, 

samples were prepared with adding 5000 cpm o f  [3H]-PGF2a and 2 ml o f 

ethanol, and passed through C-18 Sep-Pak. After the cartridge was rinsed w ith 

water and HPLC grade hexane, PGF2a was eluted w ith ethyl acetate containing 

1 % methanol. A fter samples were evaporated, 1 m l o f  EIA buffer was added 

to each. 500 pil o f  samples were aiiquoted for scintillation counting and the 

remaining 500 (j.1 samples for the EIA analysis. Each sample was assayed at 

two dilutions, and each dilution was assayed in duplicate. After samples or 

standards with tracer and antiserum were pipeted into the designed wells of a 

plate, the plate was incubated for 18 h at room temperature. When ready to 

develop, the wells were rinsed five times and added 200 jil o f  Ellman’s reagent 

to each well. The plate was read at 412 nm.

2.2.4. P rogesterone  B inding Assay

The cytosol PR  in uterine tissues was m easured using a radioligand 

binding assay with the same sample as for cytosol ER. Samples were incubated 

with a mixture containing increasing concentrations o f  [3H]promegestone 

([3H]R-5020, 0.2 nmol/L to 5 nmol/L; New England Nuclear-DuPont, Boston, 

MA), in the presence o f  10-fold concentrations o f  dexamethasone and 

dihydrotestosterone to prevent binding to glucocorticoid or androgen receptors. 

Nonspecific binding was measured following the addition o f 50 nmol/L 

nonradioactive R-5020. After incubation overnight, free and bound ligand 

were separated with dextran-coated charcoal. Following centrifugation, the 

supernatants were counted in a scintillation spectrometer.
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2.2.5. O xytocin Binding Assay

O TR  in  uterine tissues was m easured using a m odification o f  a 

published O T binding assay method (4). Briefly, the pellet obtained following 

the 105,000 x gcentrifiigation step was washed, resuspended in Tris buffer and 

incubated for 1 h  with 0.6 nmol/L [3H ]O T (N ew  England Nucear-DuPont, 

Boston, M A) and increasing concentrations o f  non-radioactive OT (0.0 to 9.4 

nmol/L). Nonspecific binding was m easured following the addition o f  100 

nmol/L nonradioactive OT. Incubation was terminated by filtering the 

suspension through a glass microfibre filter (GF/C, W hatman, Springfield Mill, 

Maidstone, England) and rinsing with cold Tris buffer. The filters (carrying 

receptor-bound [3H]OT) were counted by scintillation spectrometry. The total 

number o f  O T R  and IQ in each sample was determined by Scatchard analysis 

performed using 6 concentrations o f  OT.

2.2.6. R ibonuclease Protection Assay

2.2.6.1. Total R N A  Preparation

Two m ethods were used for total RNA preparation: a single-step 

method by guanidinium  thiocyanate phenol-chloroform (5) and a Trizol™ 

method.

In the single-step method, approximately one gram o f  frozen uterine 

tissue was hom ogenized in 10 ml o f  denaturing solution containing 4 M. 

guanidinium thiocyanate, 25 m M  sodium  citrate, 0.5% sarcosyal amd 0.1 M 2- 

mercaptoethanol. Sequentially, each hom ogenized sample was mixed with 10 

ml o f  phenol (w ater saturated) and 0.2 ml o f  chloroform-isoamyl alcohol (49:1 

chloroform and) at acidic conditions (pH  4.0). After the suspensions were 

shaken vigorously for 10 sec and cooled on ice for 15 min, samples were 

centrifuged at 10,000 x g  for 20 min at 4° C. Finally, the aqueous phase 

containing total R N A  was transferred to a fresh centrifuging tube, mixed with
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an equal volume o f  isopropanol and placed at -20° C for 1 h  to precipitate the 

RNA. A fter precipitation, the sample was sedimentated at 10,000 x g  for 20 

m in to obtain a RNA pellet and redissolved with 0.5 ml o f  denaturing solution. 

T he solubilized RNA was transferred into an E ppendorf tube and 

reprecipitated with 0.5 ml o f  isopropanol at -20° C for overnight. A fter 10 min 

centrifugation at 4° C, the R N A  pellet was washed with 75 % ethanol once and 

redissoived in 0.1 - 0.3 ml o f  TE buffer containing 10 m M  tris-Cl and 1 mM 

EDTA. The concentration o f  RN A  was determined by spectrophotometry at 

A260.

In the Trizol method, 0.1 -0.2 gram o f  frozen uterine tissue was 

hom ogenized in 1 ml o f  Trizol reagent. The hom ogenized samples were mixed 

w ith  0.2 ml o f  chloroform, shaken vigorously by hand for 15 sec and incubated 

on ice for 5 min. After incubation, the samples were centrifuged at 12,000 x g  

for 15 min at 4° C. Following centrifugation, the mixture was separated in a 

low er red, phenol-chloroform  phase, an interphase, and a colorless upper 

aqueous phase. RNA was rem ained exclusively in the aqueous phase. The 

aqueous phase was transferred to a-fresh tube, the RNA precipitated by mixing 

w ith an equal volume o f  isopropyl alcohol and incubated at -70° C for 15 min 

or -20° C for 2 h. After centrifugation at 12,000 xg- for 10 min at 4° C, the 

supem ate was removed and discarded. The RNA pellets were washed in 75 % 

ethanol and centrifuged at 7,500 x g  for 5 min at 4° C. A fter briefly drying the 

pellets, RNA was redissolved in 0.5 ml TE buffer containing 10 mM tris-Cl 

and 1 mM  EDTA.

2.2.6.2. Complementary D N A  CcDNA) templates

OT

A specific cDNA to generate complementary R N A  (cRNA) for rat OT
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m RNA w as prepared from a rat genom ic clone (kindly provided by Dr.

Hartwig Schmale from the University o f  Hamburg (6)). The antisense cRNA 

probe corresponded to exon C and part o f  the second intron o f  the rat O T gene.

OTR

The complementary DNA for O TR  was prepared from a rat genomic 

clone and subcloned into pCR™II plasm id in E.coli bacteria (kindly provided 

by Dr. Stephen J. Lye from the University o f  Toronto) and corresponded to the 

exon 2 and 3 o f  OTR genes which encode transmembrane domains 3 to 7.

After regeneration o f  bacteria, the vectors w ere extracted and linearized w ith 

AccI restriction enzyme for OTR cRN A  probe.

ER, PR-total and PR-B

The rat E R  cDNA was prepared using reverse transcription-polymerase 

chain reaction (RT-PCR) with primers to  portions o f exons 4 and 6 (cDNA 

Cycle Kit, Invitrogen Corp., San Diego, CA). The resultant 439 nucleotide 

probe was subcloned using pCR-Script Am pSK(+) cloning kit (Stratagene, La 

Jolla, CA).

The rat PR-B cDNA was generated by RT-PCR with prim er sets 

flanking the part o f  the 5’-untranslated region and N-terminal region o f  B form 

(390 bp). The rat PR-total cDNA w as prepared by primers flanking the 

steroid-binding domain for all A, B and C forms (320 bp) (for detail see 

chapter 5).

RT-PCR and Subcloning

The RT reaction o f  the first-strand cDNA was generated by random 

primers using day 21 pregnant uterine total RN A  (ljig ) and PCR was 

performed for 30 cycles o f  1 min at 95° C, 2 m in at 56° C and 3 min at 72° C.
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The RT-PCR products were screened on 1 % agrose gel.

The amplified DNA was cloned using pPCR-Script™  A m p Cloning kit 

(Stratagene, La Jolla, CA). Restriction and sequence analyses w ere preformed 

to confirm  the sequence o f  the inserted PCR product. The PCR-generated rat 

ER, PR-B and PR-total cDNA clone in pPCR-Script plasmid is linearized by 

N ot I to generate an anti-sense cD N A  template and EcoR I by to generate a 

sense template. In the ribonuclease protection assay (RPA), after synthesis o f 

cRNA, hybridization o f  day 21 pregnant uterine total RNA (20 pg) w ith sense 

probe, along with hybridization o f  tRNA (10 pg) with antisense p robe were 

perform ed as the negative controls. The optimal concentrations o f  total RNA 

(pg) were determined by increasing concentrations o f  total RNA (from  5 pg to 

80 pg). The minimal radioactivity o f  32P-CTP labeled probes was determined 

by increasing the amount o f  radioactivity (from 0.125 to 2.0 cpm x 106) titrated 

w ith 20 pg  total RNA (the optimal concentration) in RPA

2.2.6.3. Ribonucease Protection A ssay

OT, OTR, ER and PR-total and PR-B mRNA levels in the uterine 

tissues were measured by an RPA previously described (7). Briefly, 10 pg - 40 

pg  total RNA (10 pg for OT, 40 p g  for OTR or 20 pg for ER, PR-total or PR- 

B) was hybridized to gel-purified antisense 32P-labelled RNA probe in 80% 

form am ide and 5 x salts containing 200 mM 1,4-piperazinediethanesulfonic 

acid, 2 M  NaCl and 5mM EDTA for 18 h at 55° C. Following incubation with

0.75 pg ribonuclease A  and 300 units ribonuclease Ti (both from Boehringer 

M annheim  Canada, Laval, Quebec) for 30 min at 30° C, protected fragments 

w ere analyzed on 6 % or 8% denaturing polyacrylamide gels. A RN A  sample 

from one animal at each time point from each group, chosen at random , was 

run on each gel. The gel was exposed to XAR x-ray film (Eastman Kodak, 

Rochester, NY) for 1 h. A  rat gIyceraldehyde-3-phosphate-dehydrogenase
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(GAPDH) probe or P-actin probe (both from  Ambion Inc. Austin, TX) w as 

used in all samples as an internal control. Autoradiograms were quantitated 

using laser densitometry and data w ere presented as the ratio o f  arbitrary 

densitometric units o f  OT m RN A  to GAPDH mRNA or P-actin mRNA.
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3. RELATIONSHIPS AMONG SEX STEROIDS. OXYTOCIN. 

AND THEIR RECEPTORS IN THE RAT UTERUS DURING

LATE GESTATION AND PARTURITION 

(This paper has been published in Endocrinology, 1996)

3.1. INTRODUCTION

OT is a potent stimulus to myometrial contractility in essentially all 

species. In both humans and rats, O T mRNA is synthesized w ithin human 

intrauterine tissues, principally the decidua, with increasing concentrations 

around the time o f  parturition (1 ,2 ). In explants o f  human chorio-decidua, 

estrogen increases OT mRNA concentration (3). We have shown that estrogen 

is synthesized in fetal membranes and decidua, and increases around 

parturition (4, 5). Furthermore, we have demonstrated mRNA for ER  and PR 

in human amnion, chorion, and decidua with a similar tissue distribution as OT 

mRNA. There is a significant increase in ER mRNA around the time o f  

parturition (3). These findings support the existence o f a paracrine system 

within late gestational human intrauterine tissues involving sex steroids and 

OT that may regulate the timing o f  labour onset. This paper presents data from 

our further studies o f  this paracrine system using an animal model that can be 

manipulated experimentally.

In the rat, OT mRNA is synthesized in the epithelial layer o f  the 

endometrium (2). Between day 14 - 18 o f  pregnancy, there is a rapid increase 

in OT m RNA accumulation, and the highest level o f  OT expression is 

restricted to the last 3-4 days o f  gestation. There is also a corresponding 

increase in immunoreactive OT in uterine tissues during pregnancy, with the 

highest level occurring at the time o f  parturition. Estrogen stimulates OT 

release into the rat circulation (6) and also enhances the synthesis o f  uterine OT
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in non-pregnant animals (7). These findings support the presence o f  a similar 

paracrine system within the rat uterus and suggest that the rat may be a relevant 

m odel in which to study the role o f  locally produced O T in the initiation o f  

labour.

Uterine contractility is also effected by the sensitivity o f  the 

myometrium to OT. In both humans and rats, myometrial sensitivity to OT 

increases through late gestation in parallel with an increase in myometrial OTR 

concentrations (8-11). Estrogen increases OT binding in ovariectomized 

pregnant rats and P4 completely inhibits this estrogen-induced rise (11). This 

increase in O TR was correlated with the concentration o f  ER. These findings 

suggest that O TR is regulated by ovarian steroids in a m anner related to ER  

activation. Furthermore, it has been shown that OT stimulates the secretion o f  

uterotonic PGs from the pregnant rat endometrium (12) and hum an decidua (8, 

13).

In this report, w e have further characterized the relationships among sex 

steroids, OT and their receptors to test the hypothesis that local concentrations 

o f  OT and OTR in the uterus o f  the late gestation pregnant rat are regulated by 

sex steroids in a receptor m ediated fashion. In this regard, we have determined 

the effects o f  the estrogen receptor blocker TAM on serum levels o f  estrogen 

and P4 and on the synthesis o f  ER, PR, OT and OTR in late gestation rat 

uterine tissues. O ur secondary aim  was to evaluate the rat as a potential model 

for human parturition.

3.2. M ATERIALS AND M ETHODS

3.2.1. Animals and Treatm ent

The animals used in this study are described in detail in Chapter 2. The 

rats were divided into 2 groups. In this strain o f  rats, parturition usually occurs 

early in the afternoon o f  day 22 when the day o f  mating is considered day 0.
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The experimental group w as treated daily with TAM 200 pg/rat (Sigma, St. 

Louis, MO) with 0.4 m l oil, from day 15 o f  pregnancy until being euthanized. 

This dose was chosen since it has been shown to have maximal antagonistic 

effects with high estrogen levels as seen in late gestation (14). Subcutaneous 

injections w ere perform ed into the back o f  the rat using a 26.5 gauge needle. 

Euthanasia w as at pregnancy day 19, 21, 21.5 (the evening o f  day 21) and 22 o f  

pregnancy, and during labour (following delivery o f  first pup). The control 

group received only daily injections with vehicle (0.4 ml oil). The rats were 

injected between 0900 and 1000 hours and euthanasia was also perform ed at 

this time or, in the case o f  the 21.5 day groups, between 2100 and 2200 hours. 

Five rats were used at each time point in each group. Samples were taken for 

measurement o f  serum concentrations o f  E2, P4 and OT, uterine O T m RNA and 

peptide levels, uterine cytosol concentrations o f  ER and PR, and uterine levels 

o f  PGE2 and OTR.

3.2.2. RIA s fo r  E2, P4, O T  an d  P G E 2

The RIA  procedures and antisera for the E2 and P4 assays have been 

characterized previously (5). OT peptide was determined by RIA  according to 

the procedure described previously (3). The cytosol PGE2 assay has been 

described previously (15). The protocol is described in detail in Chapter 2.

3.2.3. O T m RN A  Assay

A special probe for rat OT mRNA prepared from a rat genomic clone 

kindly provided by Dr. Hartw ig Schmale from the University o f  Ham burg (16). 

RPA for the measurement o f  OT m RNA levels in human decidual tissues has 

previously been reported (1). The protocol (Chapter 2) was found to be 

optimal for use with rat uterine tissue.
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3.2.4. ER Assay

The E R  concentrations in uterine cytosols were m easured by ELA. The 

methodology is described in detail in Chapter 2.

3.2.5. PR Assay

The cytosol PR  in uterine tissues was measured using a radioligand 

binding assay with the sam e sample as that used to determ ine cytosol ER. This 

methodology was designed and validated as part o f  these studies and is 

described in detail in Chapter 2.

3.2.6. OTR Assay

OTR in uterine tissues was measured using a m odification o f  a 

published OT binding assay (9). The methodology was m odified and validated 

for use in these studies and is described in detail in Chapter 2.

3.2.7. Statistical Analysis

Data are presented in text and graphs as the mean ±  standard error o f  the 

mean. The results were first analyzed by one-way analysis o f  variance (InStat, 

GraphPad Software, San Diego, CA) to detect changes w ith advancing 

gestational age. Post-hoc comparisons o f  the means w ere perform ed using the 

Tukey-Kramer M ultiple Comparisons Test. Differences betw een the 

experimental and control groups were sought using the tw o-tailed unpaired 

Student’s t test. Differences w ere considered to be significant when a P  value 

<  0.05 was obtained. I f  Bartlett’s test revealed non-hom ogeneity o f variance, 

the corresponding non-parametric test was utilized.
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3.3. RESULTS

3.3.1. Parturition

In our rat strain, spontaneous delivery occurs early in the afternoon o f  

day 22 o f  gestation. In the control group, the duration o f  pregnancy was 539.9 

±  1.1 h (calculated from m idnight on the day o f  mating). TAM  treatment 

significantly prolonged the duration o f  pregnancy by 24 h  to 563.3 ±  2.6 h.

The average fetal w eight in the TAM treated dams was significantly less than 

in controls on either day 21 or 22 o f  pregnancy. However, when the treated 

dams finally did go into labour, the birth weight o f  the litter was not 

significantly different from  that in the control group (Table 3-1).

3.3.2.Serum E2 and P4

Serum concentrations o f  E2 increased significantly, whereas the level o f  

P4 declined significantly in late pregnancy before labour (Table 3-1). Between 

day 19 and the time o f  labour, serum P4 decreased to one-third, and the 

estrogen to P4 ratio (E/P ratio) increased 5-fold. In the TAM -treated group, E2 

levels after day 21 were significantly less than those in controls and the 

increase in E/P ratio was not statistically significant.

3.3.3. Uterine Cytosol ER and PR

The concentration o f  E R  in uterine cytosol increased significantly after 

day 19 o f  pregnancy (Fig. 3 - la) from a level o f  18.4 ±  0.9 to 88.2 ±  11.4 

fmol/mg tissue protein. TAM  treatment blocked the increase. The 

concentrations o f  cytosolic PR  in uterine tissues did not significantly change 

during late gestation, and there was no apparent effect o f  TAM  (Fig. 3 -lb).
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3.3.4. Uterine OT mRNA and Peptide

There was a  3- to 4-fold increase in uterine OT mRNA betw een day 16 

and 19 o f  pregnancy (Fig. 3-2) w ith no further significant change throughout 

gestation. TAM  significantly inhibited this increase in the OT m RNA 

concentration, resulting in levels 5- to 7-fold lower than control values. There 

was no effect o f  gestational age or TA M  on GAPDH gene expression. In 

controls, the concentration o f  OT peptide in uterine tissues was significantly 

higher during labour than at earlier points (Fig. 3-2b). This increase was not 

observed in the TAM -treated animals. In  this group, uterine tissue OT peptide 

concentrations were consistently lower than in controls, but this achieved 

statistical significance only during labour. In the maternal circulation, serum 

concentrations o f  O T were quite variable (range, 50 - 300 pm ol/liter; data not 

shown) and did not change significantly through late gestation. TA M  had no 

significant effect on serum OT.

3.3.5. Uterine OTR

In the control group, there was an abrupt 5-fold increase in uterine OTR 

that occurred only a  few  hours before parturition (Table 3-2). TA M  alm ost 

completely inhibited this increase on day 22 o f  pregnancy. However, despite 

continued TAM  treatment, a significant increase in OTR to control levels 

occurred some time before the delayed parturition in the experimental group.

3.3.6. Uterine PGE2

Uterine tissue concentrations o f  PG E2 increased significantly in late 

pregnancy, with peak levels occurring by day 21.5 o f pregnancy (Table 3-2). 

Treatm ent with TAM  resulted in significantly lower PGE2 concentrations on 

day 21 and 21.5. However, peak PG E2 tissue concentrations at the tim e o f  the
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TAM -delayed parturition were sim ilar to those in the control animals at normal 

parturition.

3.4. DISCUSSION

These data are the first to correlate the sequence o f  events relating to 

sex steroids and uterine OT around the time o f  parturition in the rat. Normal 

parturition in this species occurs in the early afternoon o f  day 22. The first 

significant change we detected was an increase in OT mRNA in uterine tissues 

between days 16 and 19. This is in agreement with previous findings (2), 

which also demonstrated that OT mRNA was located in the endometrial 

epithelial cells and increased greatly before day 18, then again at parturition. 

Contrary to our expectations, we detected no further increase in uterine OT 

m RNA after day 18 when expressed as a ratio to GAPDH. The difference 

between these results and the previous study (2) may be explained by several 

methodological differences: Our studies used 10 jig total RNA in a 

ribonuclease protection assay with a cRNA probe, whereas the previous study 

used 100 pg poly-A RNA in a Northern assay with an oligonucleotide probe. 

Additionally, uterine wet weight as w ell as total RNA increase dramatically 

around this time. Therefore, it is likely that the total mass o f  OT mRNA 

actually did increase, but the concentration relative to GAPDH or total RNA 

did not change. In the present studies, we did not attempt to separate 

endometrium from myometrium because we were interested in potential 

paracrine interactions within the entire tissue. Examination o f  isolated tissue 

layers may give a different profile o f  O T mRNA concentration with advancing 

gestation.

TAM treatment completely prevented the increase in OT mRNA noted 

in controls before day 19. Even at the time o f  labour and delivery, which was 

delayed 24 hours, uterine OT m RNA levels remained very low. This suggests
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either that tissue concentrations o f  OT mRNA are not determinants o f  uterine 

contractility or that there are other mechanisms that can be evoked to bring 

about parturition after a  significant delay.

The blockade o f  the late gestational increase in OT mRNA by TAM  

supports previous findings that OT gene expression is regulated by estrogen. 

Endometrial OT m RN A  is increased in both humans and rats by estrogen 

treatment (3, 7). The O T gene promoter region contains estrogen response 

elements that have been shown to confer estrogen responsivity in vitro (18). 

However, it is notew orthy that the levels o f  OT m RNA did not parallel serum 

E2 concentrations. Unfortunately, we did not measure serum E2 levels before 

day 19, but others have shown that serum E2 levels are relatively constant at 

that time (19). There was no further increase in OT mRNA after day 21, when 

serum E2 increased markedly. These finding suggest that serum estrogen may 

not be the most im portant source o f  estrogenic activity in the pregnant rat 

endometrium and allows speculation that locally produced estrogen may be 

more important.

The peak concentrations o f  O T peptide in uterine tissues occurred at the 

time o f  parturition, several days after the peak in OT mRNA. One possible 

reason for the increase in OT peptide is increased translational efficiency. This 

may be regulated by an increase in serum E2, a decline in P4, or an increase in 

the E/P ratio. As the increase in OT peptide was absent in the TAM group 

despite normal serum  P4 withdrawal, we suggest that the increase in E2 was the 

most likely mechanism. Alternatively, increased OT peptide may have been 

due to decreased OT catabolism in the uterine tissues. The rates o f  OT 

metabolism in uterine tissues around parturition in the rat are unknown, but 

there is no change in O T metabolism in human decidua around the time o f  

labour onset (20). It is also possible that initial translation o f  OT mRNA 

results in the formation o f  extended forms o f  OT that are not measured in our
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RIA (21). The final increase in OT peptide  would occur only w hen the tissues 

had the capability to convert the extended forms to mature OT. A  final 

explanation could be that increase in tissue OT peptide may sim ply reflect the 

increasing serum OT levels that occur a t  this time (22). This explanation is 

unlikely because the increase was not seen  in the TAM -treated group in which 

our serum  OT levels were not different from  the control values.

TA M  acts by binding to E R  and has the ability to induce a spectrum  o f 

horm onal effects. In rats, it displays bo th  agonist and antagonist properties 

(23). In this study, we saw no evidence o f  agonist activity. Indeed, not only 

did T A M  appear to act as an estrogen antagonist, it also significantly 

suppressed serum E2 concentrations. Estrogen is known to increase uterine 

blood flow, and this can be prevented by  TA M  (24). E2 in rat serum  during 

pregnancy is produced from luteal tissues, but its precursor androgen is o f  

placental origin (19). We suggest a reduction o f  uterine blood flow  caused by 

TAM  results in decreased production o f  E 2 precursors, thus decreasing the 

synthesis o f  E2. A  reduction in uterine b lood  flow also would explain the 

significant reduction o f  fetal growth rate in the TAM  treated anim als. This 

reduction in serum E2 concentration was not observed when IC I182780 was 

used as an estrogen antagonist in the late gestation rat (25). This difference 

may be explained by different profiles o f  activity for the two antagonists or 

may be related to dose.' It is possible tha t the changes in horm one receptors 

caused by TA M  were secondary to the reduced uterine blood flow, rather than 

by direct estrogen antagonism at the recep tor gene level. The know n direct 

effects o f  estrogen antagonism on these receptors in other tissues m akes this an 

unlikely possibility.

In  agreement with previous studies (19), there was a significant decline 

in m aternal serum P4 concentrations in the  days immediately preceding 

delivery. The serum E/P ratio increases throughout this time. Treatm ent o f
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rats with TAM did not influence the late gestation decline in serum  P4, but did 

attenuate the increase in the E/P ratio. Despite the persistent low  estrogen 

levels and continued T A lM  treatment, parturition did occur. This suggests that 

the decline in P4 is m ore im portant than the rise in serum  estrogen. This would 

support the P4 block concept o f  parturition (26). Although we observed no 

changes in PR levels during late gestation, we m easured only cytosol levels o f  

PR. Others have detected significant decreases in nuclear PR  levels or in the 

ratio o f  ER to PR in the nucleus at the time o f  parturition in the rat (27,28).

The increase in uterine ER  concentration was parallel to the increase in 

serum  E2 and the E/P ratio. These findings are in agreem ent w ith previous data 

show ing that ER  concentrations in both cytosol and nuclear fractions o f  rat 

myometrium increased w ith  E2 (9, 27). In agreement w ith others, our studies 

found that TAM decreased the uterine cytosol level o f  E R  (28).

There was a 5-fold rise in uterine OTR concentrations ju s t a few hours 

before delivery. The m ean o f  the OTR is in the range o f  1-3 nmol/liter and 

did not change with advancing gestation or TAM treatment. TA M  inhibited 

the increase in receptor num ber on-day 22. Interestingly, the prom oter region 

o f  the OTR gene o f  several species has been sequenced and is lacking a 

com plete palindromic concensus estrogen response elem ent sequence, although 

there are several half-sequences present (29, 30). It is not yet clear whether the 

effects o f  estrogen and T A M  on OTR gene expression are direct or indirect.

T he much greater increase in OTR compared to that o f  OT peptide or mRNA, 

and its proximity to the onset o f  labour suggest that the concentration o f  OTR, 

rather than that o f  OT itself, may be the limiting determinant o f  the timing o f  

parturition. It is also notew orthy that in the TAM  treatm ent group, parturition 

did not occur in the absence o f  OTR, in contrast to the low levels o f  OT 

m RN A  and peptide in uterine tissues. In two additional animals, we doubled 

the dose o f  TAM and obtained sim ilar findings. Other estrogen antagonists
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also have been shown to cause prolonged gestation in the rat associated w ith a 

decrease in the synthesis o f  connexin 43 and gap junction formation (25).

Uterine tissue concentrations o f  PG E2 rose during late pregnancy, w ith 

maximal levels achieved in the evening before parturition. TAM treatm ent 

resulted in significantly lower concentrations than control values on the day 

preceding delivery. As OT stimulates endom etrial PGE2 production (8, 12,

13), this decrease in PGE2 may have resulted from interruption o f  the 

estrogenic stimulus to OT or OTR synthesis in the endometrium.

The data from the control and TAM -treated animals indicate three 

events that occurred before parturition in both models: the serum P4 

withdrawal and the increase in tissue PG E2 and OTR concentrations. Several 

previous studies have suggested an interesting relationship among PGs, OT 

and OTR. O T stimulates production o f  PG E2 from human decidua and rat 

endometrium (8, 12, 13). In the ovine corpus luteum, PGs stimulate the 

synthesis o f  O T (31). In rat endometrium, O TR synthesis is increased by PG 

(32) and suppressed by PG synthesis inhibitors (33). Therefore, there may be a 

positive feedback amplification circuit involving OT and PGs that could 

influence myometrial contractility. Such a mechanism could help explain why 

parturition eventually occurs 24 hours later than normal in the TAM -treated 

animals. In this group, an estrogen-independent increase in uterine PG 

synthesis m ay cause a sufficient increase in O T peptide and OTR to initiate a 

positive feedback loop that culminates in parturition even in the presence o f  

estrogen antagonism. Our data support the hypothesis that P4 withdrawal is the 

predominant regulator o f this positive feedback loop.

A secondary objective o f  these experiments was to establish i f  the rat 

was a suitable model to study intrauterine paracrinology at parturition. As in 

most animal models, rat parturition is preceded by an increase in estrogen and 

decline in P4 in maternal serum. This is in contrast to the human, in whom  no
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significant changes are noted before parturition. However, we demonstrated 

that both estrogen and P4 are synthesized in human chorio-decidual tissue and 

that the local synthetic mechanisms may bring about an increase in the E/P 

ratio within these tissues around the time o f  labour onset (4, 5). This may be 

reflected in the amniotic fluid, where there is an increase in E/P ratio before 

labour onset (34). Trends in tissue levels o f  OT mRNA and peptide, PG, and 

OTR are similar in the rat and human, and at least some o f  the regulatory 

mechanisms appear to be the same. Thus, for the study o f  paracrine 

mechanisms, the rat appears to be a good model, although much additional 

experimental work in both species will be required to completely validate this. 

It should be noted that in our studies, w e have defined the beginning o f  labour 

as the birth o f  the first pup. Clearly, labour began some time before this.

Thus, it is possible that some o f  the changes we have measured occur after 

labour onset and are a consequence, rather that a cause, o f  labour. 

Electromyographic leads or intrauterine pressure-sensing devices will be 

required to more precisely define the timing o f  the initiation o f labour.

Whereas larger animal models allow frequent sampling from chronic 

preparations, permitting m ore detailed endocrine studies, they have no 

advantage as a source o f  the intrauterine tissues necessary to study paracrine 

relationships.

Our data suggest an important role for OTR in parturition. Results from 

studies using OT antagonists in rat pregnancy have been conflicting. Chan et 

al (32) and Hahn et al (35) have shown that OT antagonists do not delay labour 

onset, but significantly lengthen the course o f  labour. Conversely, W ilson et al 

(36) and Antonijevic et a l  (37) reported a delay in the initiation o f  labour and 

also a prolongation o f  the process o f  labour. The explanation for these 

conflicting results may be that there are different OTR subtypes in decidua and 

myometrium (38). Both may result in uterine contractions. However OTR
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antagonists may inhib it one subtype while actually stim ulating the other (38). 

Initial clinical studies in  w om en in preterm labour suggest that OT receptor 

antagonists may be useful in suppressing uterine contractions (39). Clearly, 

more studies are required  to  understand the role o f  O T  in both the initiation and 

progress o f  labour in  the  two species.

In summary, w e have demonstrated time-course relationships among 

estrogen P4, OT and the ir receptors in uterine tissues preceding parturition in 

the rat and investigated the effects o f  an estrogen antagonist on these 

parameters. The data confirm  the importance o f  estrogen in ensuring normal 

fetal growth and in regulating several important factors in parturition, 

including estrogen itself, ER, OT and OTR. The T A M  studies also suggest the 

presence o f  an estrogen-independent positive feedback loop involving OT,

OTR and PGs that m ay be predominantly under the negative control o f  P4. The 

reported data provide further support for the hypothesis that paracrine events 

within the pregnant uterus are important in regulating the tim ing o f  parturition. 

Finally, the data suggest that the rat model may have considerable similarity 

and relevance to the hum an.
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Table 3-1. Fetal weight and serum estrogen and progesterone levels through late gestation 

and labor (mean ± s.e.m,) in the rat.

d m  o f  sestation 

19 21 21.5 22

fetal weisht (em per fetus)

control* 1.6 ±0.06 3.9 ±0.3  4.5 ± 0 .2  6.0 ±0.2

tamoxifen* 1.4 ±0.01 3.5’ ± 0 .2  4.2 ±0.3  5.1’ ±0.2

serum estradiol (pmol/L) '

control* 324.0 ±27.7  296.5 ±25.5 447.0 ± 95.9 372.8 ±30.4

tamoxifen 183.1 ± 6 .9  238.6 ±60.4  351.0’ ±90.6  263.2’ ±78.2

serum progesterone (nmol/L)

control* 186.0 ±13.1 149.1 ± 37 .6  60.0 ± 5 .5  61.2 ± 7 .8

tamoxifen 226.0 ± 52.3 136.0 ±49.2  125.4 ±27.2  117.2 ±47.2

serum estradiol/pros, ratio fx 1000)

control* 1.54 ±0.21 2.51 ± 0 .80  6.53 ±1.21 5.39 ±0.42

tamoxifen 0.84 ±0.20 2.13 ±0.68 3.43f ± 1.76 2.43f ± 0.55

* statistically significant change with increasing gestational age by ANOVA (P < 0.05)

’ statistically significant difference between tamoxifen and control groups (P < 0.05)

labor

6.1 ± 0.1 

5.9 ±0.1

548.0 ±66.0 

122.2’ ±35.8

59.0 ± 4 .8  

31.6 ± 8,5

8.02 ± 0.46 

4.20’ ± 1.66
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Table 3-2. Rat uterine OTR and PGE2 levels through late gestation and labor (mean ± s.e.m.).

day o f  gestation 

19 21 21.5 22

tissue OTR (fmol/me protein)

control* 23.2 ± 5.8 26.8 ± 5 .5  29.1 ± 7 .5  127.5 ± 7 .8

tamoxifen* 24.1 ±5.1 31.1 ±5.1 14.2±6.2 18.0t ± 2.1
r

tissue PGE2 (fmol/me protein)

control* 478 ± 5 4  766 ±71 1343 ±205 1111 ±73

tamoxifen* 388 ± 87 532f ± 65 691f ± 17 897 ±114

* statistically significant change with increasing gestational age by ANOVA (P < 0.05) 

f P < 0.05 comparing the control to the tamoxifen group

labor

147.4 ± 11.6

110.5 ±22.4

992 ± 135 

1248 ±292



Figure 3-1 The effects o f  TAM  on cytosol concentrations o f  (a) E R  and (b) 

PR  in pregnant rat uterine tissues. E R  was measured Iby enzym e imm unoassay 

and PR  by radioligand binding assay. (* p  < 0.05 cormparing the tw o groups at 

the same tim e point.)
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Figure 3-2. U terine OT mRNA and OT peptide concentrations in control and 

TAM-treated rats in late gestation.

a.) Representative ribonuclease protection assays showing OT 

mRNA levels in control animals compared to TAM  treated animals in late 

gestation. Each lane contains RNA from the uterus o f  one animal.

b.) Line graphs illustrate OT peptide levels in uterine tissues 

measured by radioimmunoassay. The histograms demonstrate the ratio o f  OT 

to GAPDH m RNA m easured by laser densitometry. (* p  <  0.05 comparing the 

two groups at the same tim e point.)
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4. EFFECTS OF RU486 ON STROGEN. PROGESTERONE. 

OXYTOCIN AND THEIR RECEPTORS IN THE RAT

UTERUS DURING LATE GESTATION 

(This paper has been published in Endocrinology, 1997)

4.1. INTRODUCTION
OT is a  potent and specific stimulus to myometrial contractility and is 

thought to be important in the mechanism o f  labour initiation. Although 

classically described as being synthesized in the hypothalamus, then stored and 

secreted from the neurohypophysis, it is now know n that this nonapeptide 

hormone is synthesized in the epithelial layer o f  ra t endometrium and in the 

chorio-decidual lining o f  late human pregnancy (1 ,2 ) . In the rat, this synthesis 

increases rapidly between day 14 and day 18 o f  pregnancy and remains at a 

high level during the last 3 - 4  days o f  gestation. However, uterine OT peptide 

concentrations increase only during parturition. In the human, chorio-decidual 

tissues obtained after the spontaneous onset o f  labour contain higher OT 

mRNA than those obtained at term but before labour. Concentrations o f  OTR 

rise in parallel w ith O T sensitivity at the time o f  labour in essentially all species 

studied. These findings support the hypothesis that locally produced OT and 

OTR participate in a  paracrine network regulating the timing o f  parturition in 

both rat and human.

In the rat, synthesis o f  OT and O TR is primarily regulated by estrogen 

and progesterone (3-5). In most animal species including the rat, parturition is 

preceded by a significant increase in estrogen and decrease in progesterone 

concentrations resulting in a  marked increase in the estrogen/progesterone ratio
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(5-7). This change favors synthesis o f  OT and OTR within intrauterine tissues. 

Evidence also suggests that PGs play a role in the regulation o f  the uterine 

activity, and it has been proposed that part o f  the role o f  OT is mediated by 

stimulation o f  decidual PG synthesis (8).

W e recently demonstrated that administration o f  an anti-estrogen will 

significantly delay the increase in uterine OT mRNA and peptide and OTR 

and, consequently, delay parturition (7). The present studies were undertaken 

to determine the effects o f an anti-progestin compound (RU486) on 

intrauterine levels o f  OT, OTR and PGs and to observe the effects on the 

process o f  parturition in the rat. A clearer understanding o f  the intrauterine 

paracrine network involving sex steroids, OT, O TR and PGs may yield new 

strategies for controlling the time o f  birth.

4.2. MATERIALS AND METHODS
4.2.1. A nim als an d  T rea tm en t

The animals used in this study are described in detail in Chapter 2. The 

rats w ere divided into 2 groups. The experimental group was treated once with 

RU486 (2.5 mg /rat in 0.4 ml oil) at day 15 o f  pregnancy. Subcutaneous 

injections w ere performed into the back o f  the rat using a 26.5 gauge needle. 

Animals (n =  5) were euthanized at 0 , 6, 12,24  or 48 h after treatment and 

during labour (after delivery o f  first pup). The control group received only 

injections w ith vehicle (0.4 ml oil). The rats w ere injected between 0900 and 

1000 hours. Samples were taken for measurement o f  serum concentrations o f 

E2 and P4 , uterine OT mRNA and peptide levels, uterine cytosol concentrations 

o f  ER, E R  m RNA and PR, uterine OTR mRNA and protein levels, and uterine 

PGE2 and PGF2a levels. For the final results, there were 5 animals in each 

group except the 6 h controls (n =  3) and the 48 h RU486 group (n =  4) and the 

delivery group (n =  6).
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4.2.2. RIAs

The RIA procedures and antisera for the serum E 2 and P4 have been 

characterized previously (7). Uterine OT peptide and uterine cytosol PGE2 

w ere determ ined by RIA according to the procedure described previously (7).

A  detail methodology is described in Chapter 2.

4.2.3. EIA

PGF2a and ER concentrations in uterine cytosols w ere measured by 

EIA. A detail procedure is described in Chapter 2.

4.2.4. Receptor Binding Assay

OTRs in uterine tissues were m easured using a modification o f a 

published OT-binding assay. P4 receptors were measured in uterine cytosol 

fraction. Both binding assays have been characterized previously (7) and are 

described in Chapter 2.

4.2.5. OT, O TR and ER mRNA Assay

A  specific probe for rat OT m RNA was prepared from  a rat genomic 

clone kindly provided by Dr. Hartwig Schmale from the University o f 

H am burg (9). The cRNA probe for OTR was prepared from  a rat genomic 

clone (kindly provided by Dr. Stephen J. Lye from the University o f  Tomoto). 

The rat ER  cRNA probe was prepared using RT-PCR. U terine OT, OTR and 

E R  m RNA concentrations were measured by RPA. The details o f  the probes 

and procedure are described in Chapter 2.

4.2.6. Statistical Analysis

D ata are presented in text and graphs as the m ean ±  standard error o f  

the mean. The results w ere first analyzed by one-way analysis o f variance

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(InStat, GraphPad Software, San D iego, CA) to detect changes w ith advancing 

gestational age. Post-hoc comparisons o f  the means w ere performed using the 

F isher’s Protected LSD Test (SuperANOVA, Abacus Concepts Inc., Berkeley, 

CA). Differences between the experimental and control groups w ere sought 

using the two-tailed unpaired S tudent’s t  test. Differences were considered to 

be significant when a P  value <  0.05 was obtained. I f  Bartlett’s test revealed 

non-hom ogeneity o f  variance, the corresponding non-parametric test was 

utilized.

4.3. RESULTS
4.3.1. P a r tu r itio n

M ost RU486-treated dams started vaginal bleeding by 12 h after 

treatm ent. The mean tim e to delivery o f  the first fetus was 27.0 ±  1.2 h  after 

treatm ent. All treated animals except four, delivered within 48 h from 

treatm ent. The remaining four anim als were killed at 48 h. None o f  the 

control animals underwent spontaneous labour and delivery.

4.3.2. S erum  E 2 and P 4

Serum concentrations o f  E2 and P4 did not change significantly in the 

control group throughout the 48 hours o f  observation (Fig. 4-1). However, in 

the RU486-treated animals, there w as a  significant increase in serum  E 2 and P4 

by the  time o f  delivery o f  the first fetus, compared to time zero. In the treated 

group that had not delivered by 48 h, the serum E2 increase was sim ilar to that 

o f  the group that had delivered. However, serum P4 concentrations in the 

treated, but undelivered animals, did not increase as did the group that 

delivered prematurely.
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43.3. ER and PR

The concentrations o f  E R  in uterine cytosol at time zero was 35.6 ±  6.1 

finol/mg tissue protein. This did not change throughout the 48 h in the control 

group (32.1 ±  5.9 at 48 h), and there was no significant difference after 

treatm ent w ith RU486 (36.2 ±  4.8 in the group at delivery). Tissue 

concentrations o f  ER mRNA also were unchanged through 48 h in the controls 

(Fig. 4-2) and did not change significantly after RU486 treatment. The levels 

o f  PR  were low, but detectable, and did not change in the control group, 

remaining in the range o f 200 finol/mg tissue protein (data not shown). Levels 

o f  PR  were undetectable in the RU486-treated group.

4.3.4. OT mRNA and Peptide

There was a two-fold increase in OT mRNA between 0 h and 24 h in 

the control group (day 15 and day 16 o f  pregnancy) (Fig. 4-3 a), but 

concentrations o f  OT peptide rem ained unchanged (Fig. 4-3b). RU486 

abolished this increase in OT mRNA, and levels remained low after treatment, 

even during premature labour and delivery. There was no effect o f  RU486 

treatm ent on uterine OT peptide concentrations. Expression o f  GAPDH did 

not change with gestational age or RU486 treatment.

4.3.5. OTR mRNA and Peptide

In the control group, the concentrations o f OTR mRNA in uterine 

tissues were low (Fig. 4-4a). By 6 hours after RU486 treatment, O T R  mRNA 

concentrations increased significantly and remained high until delivery. The 

measurements o f  O TR binding increased in parallel to the levels o f  OTR 

mRNA (Fig. 4-4b). In the group that did not deliver by 48 h, O TR m RNA and 

peptide levels were increased to a  level similar to those animals that delivered.
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4.3.6. PGE2 and PGF2a

Uterine PGE2 and PGF2a remained a constant low levels in the control 

group (Fig. 4-5). In contrast, the concentrations o f  PGE2 in the RU treated 

group increased gradually, achieving maximal levels after 24 h o f  treatm ent 

and rem aining high until delivery. This increased concentration after RU486 

was even more pronounced for PGF2(X, where a  16-fold increase was observed 

between 12 h and 24 h after treatm ent (Fig. 4-5).

4.4 . D IS C U S S IO N

These results demonstrate that a  single injection o f  RU486, to pregnant 

rats on day 15, causes preterm delivery. This confirms the findings o f  Garfield 

et al. (11), who demonstrated that RU486 induced premature birth in rats 

within 72 h. They also are in agreem ent with the previous observation o f  an 

increase in myometrial activity after RU486 (12). Because RU486 acts by 

blocking P4 receptors (13), our data support the classical concept that P4 is an 

important hormone in the m aintenance o f  pregnancy and the initiation o f  

parturition (14).

Parturition in most animal models proceeds normally only when P4 

concentrations decrease. However, in our experiments, both maternal serum 

E2 and P4 concentrations were increased at the time o f premature parturition in 

the RU486-treated animals. This is in keeping with the data o f  Garfield et al., 

though the changes in that study did not achieve statistical significance ( 11). 

W e interpret the increase in sex steroids to indicate that the anti-progestin has 

interfered with a negative feedback loop and upregulated ovarian production o f 

E2 and P4. This would be compatible w ith previous studies where treatm ent 

with an anti-P4 monoclonal antibody increased serum E2 levels in early 

pregnancy in the hamster (15). RU486 also may have a direct effect on ovarian
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P4 synthesis, at this stage o f  pregnancy, by stimulating activity o f  3(3- 

hydroxysteroid dehydrogenase activity (16).

On day 15 o f  pregnancy, uterine cytosol concentrations o f  PR were low 

but detectable. A fter RU486, PR was undetectable. W e are uncertain whether 

this effect is an artifact caused by the ability o f RU486 to  com pete for [3H]P 

binding to rat u terine cytosolic PR (17) or whether the decrease is real. 

However, in T47D  hum an breast cancer cells, RU486 caused a  transient 

reduction in basal levels o f  PR mRNA and protein (18). Additionally, our 

assay measured only cytosolic PR, and the  apparent decrease could have been 

caused by an RU486-induced shift o f  PR  into the nuclear subcellular fraction.

W e detected no change in cytosolic ER or ER  m RNA after RU486. 

Indeed, there was a consistent trend to  decreased ER  m RNA w ith RU486, 

though this did not reach statistical significance in any group. This was a 

surprising result, because it is known that P4 interferes w ith  replenishment o f  

cytosolic ER (19). P4 also increases the turnover o f  nuclear ER  in hamster 

decidual cells (20). W hen rhesus macaques were treated w ith RU486 in late 

gestation, cytosolic and nuclear ER levels increased significantly in both 

decidua and myometrium, changes that are not usually seen in normal 

spontaneous term  labour (21). Our failure to demonstrate an RU486-induced 

increase in ER in rats during late pregnancy may be caused by limiting our 

measurements to the cytosolic compartment. However, the  lack o f  change in 

ER  mRNA suggests that this is not the case. It also is possible that our 

relatively short observation period did not permit evaluation o f  the full affects 

o f  RU486, though it is noteworthy that the biological affect o f  parturition did 

occur. Finally, it is possible that there are interspecies differences in the 

influence o f  RU486 on E R  during late pregnancy.

Concentrations o f  O T mRNA w ithin the uterus o f  the control group 

increased significantly between day 15 and day 17 o f  pregnancy without any
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change in uterine OT peptide concentrations. This confirms our previous 

findings (7) o f  increased concentrations o f  O T mRNA between day 14 and day 

18 o f  pregnancy without changes in peptide levels. RU486 blocks this normal 

increase in OT mRNA, suggesting that P4 may have a positive influence on 

uterine OT synthesis. This would support previous findings in the non­

pregnant rat, where E2 and P4 had a  synergistic effect on uterine OT gene 

expression (3). O ur previous studies (22), using term  human chorio-decidua, 

demonstrated that E2 stimulates synthesis o f  OT mRNA, but P4 alone was 

without effect. In concert, these data support the contention that uterine OT 

gene expression depends on a synergistic action betw een E2 and P4.

Tissue concentrations o f  OT rem ained constant in the control rats 

despite an increase in OT mRNA on day 16. W e have noted this disparity 

between OT mRNA and OT peptide concentrations previously (7). The initial 

translation product from OT mRNA requires further modification before 

synthesis o f  mature amidated OT recognized by our RIA (23). Thus, the 

discrepancy between OT mRNA and peptide levels may be secondary to delays 

in translation or post-translational processing o f  O T mRNA.

There is a  marked increase in O TR approximately at the time o f 

parturition in the rat, and this parallels an increase in the sensitivity o f the 

myometrium to OT (24). In the human, O T R  also increases markedly as 

parturition approaches (25), and a similar increase occurs in uterine OTR 

mRNA concentrations (26). In the present studies, a  significant increase in 

OTR occurred w ithin 6 h o f RU486 treatm ent, and this was immediately 

followed by an increase in OTR peptide. This strongly suggests that P4 plays 

an important role in inhibition o f OTR synthesis and confirms earlier findings 

(4, 5). Recently, Larcher et a l (27) have dem onstrated that P4 treatment results 

in a much greater suppression o f  OTR binding than  o f  OTR mRNA. 

Conversely, our results with RU486 reveal a  greater relative effect on OTR
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mRNA (approximately 10-fold increase), compared to OTR binding 

(approximately 5-fold increase). The reason for the differences is not clear, but 

their studies were performed in ovariectomized, non-pregnant rats using a 

synthetic OT analogue as ligand, whereas our studies used radiolabeled OT 

with tissues from intact pregnant animals. In any case, these data suggest that 

control o f  O TR translation may be an important regulatory step and that the 

mechanisms may be different in the pregnant and non-pregnant states. It is 

noteworthy that in both o f  our experimental models [prolonged gestation by 

TAM  (7) and preterm labour by RU486], parturition occurred when OTR 

peptide reached a threshold value without the changes in uterine OT gene 

expression.

The mechanisms mediating the effects o f  sex steroids on OTR gene 

remain unclear. Recently, the promoter region o f  the OTR gene in several 

species has been sequenced, and several “half-palindromes” o f  estrogen 

response elements were found (28). It is possible that these half-EREs confer 

estrogen sensitivity. However, despite strong evidence that P4 down-regulates 

OTR gene expression, the OTR promoter region is devoid o f  response elements 

that are known to interact with PR. This suggests that the antagonism o f P4 on 

uterine OTR gene expression is mediated by an indirect genomic or a 

nongenomic mechanism. As noted by Larcher et al. (27), the disparate effects 

o f  P4 on OTR mRNA and binding measurements suggests that at least part o f  

the effect o f  P4  may be at the translational or post-translational level.

Basal uterine tissue levels o f  PGF2a and PGE2 were similar. However, 

after RU486, PGE2 increased approximately 4-fold and PGF2a increased more 

than 10-fold. The time course o f  the increases seemed to follow those for 

OTR. This is in agreement with previous studies showing that PGs increased 

in rats after RU486 only in those that were aborting and only after labour had 

started (12). Rat endometrium in late gestation produces PGE2 and PGF2a in
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response to OT stimulation (8) and thus, in our experiments, may be a  result o f  

the increased OTR. These PGs may play a role in parturition by being directly 

utertonic or by stimulating further synthesis o f  O TR  (29). Earlier studies by 

Chan et al. (8 ,2 9 ) have dem onstrated a potential positive feedback loop 

between PGs and OTR. O ur results do not allow conclusions as to w hether the 

rise in PGs is a cause or consequence o f  labour. Finally, our data are 

compatible with previous findings that RU486 stimulates production o f  PGE2 

and PGF2a by human endometrial stromal cells (30).

All four RU486-treated animals that remained undelivered at 48 h were 

bleeding vaginaly at the tim e they were killed. Their uterine concentrations o f  

OT, OTR and PGs w ere indistinguishable from those who delivered. Indeed, 

the only way in which they differed from the delivered group was that their 

serum P4 levels were significantly reduced, compared to the treated animals at 

the time o f  delivery or w ith the controls a t 48 h. W e speculate that these 

animals had completed the biochemical changes that initiated labour, w ere in 

active labour, and would have delivered shortly after the end o f  the experiment 

at 48 h. This distribution o f  delivery tim es would be similar to that observed 

previously in rats administered the same dose o f  RU486 at a  similar time in 

gestation ( 11).

In summary, these data have demonstrated that the anti-progestin 

RU486 stimulates prem ature delivery in the rat by evoking changes in O TR 

and PGs similar to those seen in normal term  parturition. O ur findings strongly 

support a  m ajor role for P4 in suppressing OTR gene expression in late 

pregnancy, before myometrial activation, around the time o f  labour onset. The 

data also suggest that the increase in PGs occurs secondarily to the increase in 

OTR. The process o f  RU486-induced premature delivery occurred w ithout an 

increase in uterine OT gene expression, suggesting that regulation o f  the 

receptor is a  more critical step than regulation o f  the ligand. Further
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investigation into regulation o f  uterine O T R  may provide information on which 

to develop improved methods for controlling the tim ing o f parturition.
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Figure 4-1 a.) Concentrations o f  E2 in maternal serum at tim e intervals

following treatment with RU486 beginning at day 15 o f pregnancy.

b.) Concentrations o f  P4 as in la.

Each point represents the mean ±  SEM  from 3 - 6  animals. The histogram 

represents the concentrations o f  E 2 or P4 in animals following delivery o f  the 

first fetus (27.0 ± 1 .2  h). Points w ithin the same treatment group but having 

different letters are significantly different from each other by analysis o f  

variance and Fisher’s Protected LSD test. * denotes significant difference 

between the RU486 and control groups using Student’s unpaired t test.
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Figure 4-2 U terine ER mRNA concentrations as a ratio o f  GAPDH m RNA 

at tim e intervals following treatm ent with RU486 beginning at day 15 o f  

pregnancy. E ach  point represents the m ean ±  SEM  from 3 - 6  animals. RNA 

w as m easured using  ribonuclease protection assays. The histogram represents 

the ratio o f  O T/G A PD H  m RNA o f animals following delivery o f  the first fetus 

(27.0 ±  1.2 h).
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Figure 4-3 a.) Uterine OT mRNA as a  ratio o f  GAPDH mRNA at time

intervals following treatm ent with RU486 beginning at day 15 o f  pregnancy. 

RNA was measured using ribonuclease protection assays.

b.) Uterine tissue OT peptide concentrations measured by RIA 

for the same animals as in 2a.

Each point represents the m ean ±  SEM  from 3 - 6  animals. The histogram 

represents the ratio o f  OT/GAPDH mRNA or OT peptide concentrations of 

animals following delivery o f  the first fetus (27.0 ± 1 .2  h). Points within the 

same treatm ent group but having different letters are significantly different 

from each other by analysis o f  variance and Fisher’s Protected LSD test. * 

denotes significant difference between the RU486 and control groups using 

Student’s unpaired t test.
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Figure 4-4 a.) Uterine OTR mRNA as a ratio o f GAPDH mRNA at time

intervals following treatment with RU486 beginning at day 15 o f pregnancy.

b.) Uterine tissue O TR  peptide concentrations m easured using a 

ligand binding assay for the same anim als as in 3 a.

Each point represents the mean ±  SEM  from 3 - 6  animals m easured using 

ribonuclease protection assays. The histogram  represents the ratio o f  

OTR/GAPDH m RNA or OTR peptide concentrations o f  anim als following 

delivery o f  the first fetus (27.0 ±  1.2 h). Points w ithin the sam e treatm ent 

group bu t having different letters are significantly different from  each other by 

analysis o f  variance and Fisher’s Protected LSD test. * denotes significant 

difference betw een the RU486 and control groups using Student’s unpaired t 

test.
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Figure 4-5 a.) Concentrations of PGE2 in rat uterine tissue at time intervals

following treatment with RU486 beginning at day 15 of pregnancy.

b.) Concentrations o f  PG F^ as in 5-4a.

Each point represents the mean ±  SEM  from 3 - 6  animals. The histogram 

represents PGE2 or PG F2a levels in animals following delivery o f  the first fetus 

(27.0 ±  1.2 h). Points w ithin the same treatment group but having different 

letters are significantly different from each other by analysis o f  variance and 

Fisher’s Protected LSD test. * denotes significant difference between the 

RU486 and control groups using Student’s unpaired t test.
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5. PROGESTERONE REEPTOR ISOFORMS IN LATE
GESTATION RAT UTERUS: THE INFLUENCE OF 
ESTROGEN AND PROGESTERONE ANTAGGONISTS

5.1. IN T R O D U C T IO N

Progesterone (P4) is responsible for uterine quiescence throughout 

pregnancy. P4 withdrawal is an important step to initiate parturition in most 

species including rat ( 1).

T he effects o f  P4 are manifested classically in cells containing specific 

intranuclear receptors that are members o f  the steroid/thyroid nuclear receptor 

superfamily. O ur previous studies detected no significant change in the 

binding o f  P4 to rat uterine tissues around the time o f  parturition (2). The 

progesterone receptor (PR) has several isoforms, all originating from the same 

gene (3). The rat uterus contains PR-A, PR-B and PR-C isoforms (4). PR-A is 

a  truncated form o f  PR-B arising from a  different transcription start site and 

lacking a  164 amino acid o f  N-terminal transactivating region o f  PR-B (Figure 

5-1) (5). In general, PR-B is the stronger transactivator and PR-A is a 

dom inant inhibitor o f  PR-B and other nuclear receptors (5, 6). PR-C is also an 

N-terminal truncated transcriptional product but m uch smaller than PR-A (7).

It has only a second zinc finger o f the DNA-binding domain but an intact 

hormone-binding domain. It appears to act as a selective suppressor o f  P4 

action by binding P4 in the cytosolic fraction to curtail progesterone-binding to 

active receptor forms (3, 7). In human breast cancer cells PR-C was a  m inor 

isoform (7). However, Ogle et al reported that it w as the predominant form in 

decidual basalis in early gestation (4).

The PR-A and PR-B isoforms each have a distinct promoter region (5, 

8). U terine PR  may be regulated by estrogen or P4. Estrogen increases PR  

mRNA levels (5, 9, 10) and P4 binding (11, 12) w hereas P4 decreases the 

num ber o f  its own receptors (13,14). There is no information regarding the
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effect o f  estrogen or P4 on the relative quantities o f  the PR isoforms in the late 

pregnant uterus. It is possible that the changing concentrations o f  estrogen and 

P4 in maternal rat serum around the time o f  parturition could affect the 

expression o f  PR-A, PR-B or PR-C in uterine tissues.

In this study, our objectives are to measure the concentrations of 

mRNAs encoding the PR isoforms in rat uterus through late gestation and to 

determine the effects o f  the estrogen antagonist tamoxifen (TAM) and the PR 

antagonist RU 486 on differential expression o f  PR  isoforms.

5.2. M ATERIALS AND M ETHODS

5.2.1. Animals and Treatments

The animals used in this study are described in detail in Chapter 2.

5.2.1.1. Normal Pregnant Anim als

In this strain o f rats, parturition usually occurs early in the afternoon o f  

day 22 when the day o f mating is considered day 0. The rats (n =  3 — 9 at each 

time point) were killed between 0900 and 1000 h on day 13, 15, 16, 18, 19, 20, 

2 1 ,2 2  o f  pregnancy, after delivery o f  the first pup (delivery) and postpartum 

day 1.

5.2.1.2. Steroid Antagonist Groups

The animals (n =  3 -  5 at each time point) in the TAM  group were 

treated daily with TAM (200 p g  per rat, subcutaneously; Sigma Chemical Co., 

St. Louis, M O) in 0.4 ml oil from  day 15 o f  pregnancy until death. Control 

animals received only oil. Animals were killed on days 1 9 ,2 1 ,2 1 .5  (the 

evening o f  day 21 o f  pregnancy), day 22 o f  pregnancy and during labour (after 

delivery o f  the first pup).
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The animals in the R U 486 group (n =  4 — 6 at each time point) w ere 

injected once w ith RU486 (2.5 m g per rat) on day 15 o f  pregnancy and killed 

at time 0 h, 6 h, 12 h and 24h a fte r treatm ent, and during labour.

5.2.2. R at PR-isoform m R N A  M easurem ent

Rat PR isoform probes w ere  generated using RT-PCR. The prim er sets 

are shown in Fig 5-1. The Pbi/Pb2 prim er set flanks part o f  the 5 ’-untranslated 

region and N-terminal region o f  the  B form (390 bp). The P t3/P t4 set flanks 

the hormone-binding dom ain fo r all A, B and C isoforms (320bp). The reverse 

transcription products were generated  by using random  primers, and PC R  was 

performed for 30 cycles o f  1 m in at 95° C, 2  min at 56° C and 3 min at 72° C. 

The RT-PCR products w ith prim er sets o f  PBi/Pb2 and P t3/P t4 were generated 

using total RNA (1 pg) from a  day 21 pregnant rat uterus. The mRNA 

m easured using the probe from  the 5 ’-untranslated region is referred to as PR- 

B and the mRNAs m easured using  the probe from the 3 ’ region is referred to 

as PR-total.

The amplified DNA (PR-B  or PR-total) was cloned using pPCR- 

Script™  Amp Cloning kit (S tratagene, La Jolla, CA). Restriction and sequence 

analyses were performed to confirm  the sequence o f  the inserted PCR product. 

The PCR-generated rat PR-B and  PR-total cDNA clone in pPCR-Script 

plasmid was linearized using th e  restriction enzyme, N ot I to generate an 

antisense DNA template transcribed by T7 polymerase.

Uterine tissues were hom ogenized and total RNA extracted using 

Trizol™ . PR-total and PR-B m R N A  levels in the uterine tissues were 

m easured using RPA The procedure o f  preparation o f  RNA and RPA are 

described in Chapter 2. In th is assay, negative controls were performed by 

hybridization o f  day 21 pregnant uterine total RNA (20 pg) with a  sense probe, 

along with hybridization o f  tR N A  (10 pg) w ith the antisense probe.
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5.2.3. Statistical Analysis

Data are presented in graphs as the m ean ±  standard error o f  the mean 

(SEM). The results w ere first analyzed by one-way ANOVA (Instat; GraphPad 

Software, San Diego, CA) to exam ine changes with advancing gestational age. 

P ost hoc  comparisons o f  the m eans were performed using the Tukey-Kramer 

test. Differences between the experimental and control groups were sought 

using two-way ANOVA (Prism; GraphPad Software) to detect changes. I f  any 

significance occurred, the two-tailed unpaired Student’s t test was performed 

between two groups at the same tim e point. Differences w ere considered to be 

significant when a  P  value less than 0.05 was obtained. I f  Bartlett’s test 

revealed non-homogeneity o f  variance, the corresponding nonparametric test 

was used.

5.3. RESULTS

5.3.1. PR Isoform m RNA Levels in Late Norm al Gestation

The PR-total mRNA in the normal pregnant uterus changed 

significantly through late gestation with maximal levels on day 22 o f  pregnancy 

(p  < 0.01), the day o f  parturition (Fig. 5-2a & 5-2b). There w as no significant 

change in PR-B mRNA. The ratio o f  PR-total to PR-B increased similarly with 

a  peak occurring on the day o f  parturition (Fig. 5-2c).

5.3.2. Effects o f TAM  on PR  Isoforms

Treatment with TAM  significantly prolonged the duration o f  pregnancy 

by 24 ±  1.2 h (P  < 0.01) (2). A s in the normal pregnancy group above, there 

was a significant increase in the ratio o f  PR-total to {3-actin mRNA on day 22 

o f  pregnancy in the control animals (Fig. 5-3a). Treatment w ith TAM  

completely prevented this increase. PR-B mRNA levels did not change in the 

control animals and w ere not influenced by treatment w ith TAM  (Fig. 5-3b).
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5.3.3. Effect o f  RU486 on PR  Isoforms

In the animals treated w ith RU486, the mean time to delivery o f  the first 

fetus was 27.0 ±  1.2 h after treatm ent (15). None o f  the control animals 

underwent spontaneous labour and delivery. There was a significant increase 

in PR-total mRNA in the animals treated w ith RU486 (P  <  0.05) with peak 

levels occurring at the time o f  delivery (Fig. 5-4a). The level of PR-B mRNA 

did not change significantly after RU-486 administration (Fig. 5-4b).

There was no effect o f  gestational age or o f  steroid antagonists on 

expression o f  the P-actin gene that was used as an internal control (Fig. 5-2a).

5.4. DISCUSSION

These data report the mRNA concentrations o f  uterine PR isoforms in 

rat late pregnancy. As with our previous studies, we have elected not to 

attempt to separate endometrium from myometrium. W e believe that there may 

be important paracrine interactions between these tissues that may influence 

parturition. By not separating the tissues, we have avoided disruption o f this 

potential paracrine network and have also avoided potential artifacts due to 

tissue trauma.

The mRNA levels detected by the probe for PR-total approximate the 

total PR mRNA (PR-A, PR-B and PR-C). Unfortunately, we have no method 

to distinguish the mRNA for PR-A or PR-C separately. Since the radiolabeled 

probe may hybridize with different efficiency to the different isoforms, we 

have avoided attempting to calculate PR-A plus PR-C by simply subtracting 

PR-B from the PR-total. However, it appears that PR-B accounts for 

approximately half o f  the total PR  mRNA before day 22. This suggests that it 

is the predominant isoform in the rat uterus through late gestation. By day 22 

o f  pregnancy, ju st a  few hours before delivery, the predominance o f  PR-B
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declines. PR -A  and/or PR-C increase significantly and becom e the 

predom inant isoforms.

A lthough there is similar ligand-binding affinity for each o f  these 

isoforms (7, 16), they may have different functions. PR-A has been 

demonstrated to  have an inhibitory influence on PR-B and other members o f  

the steroid receptors including the glucocorticoid receptor and estrogen 

receptor (17). Recently, an inhibitory function domain w as found in PR-A and 

PR-B. H ow ever, only PR-A can independently and strongly repress the 

transcription o f  the target genes, due to lack o f  N-term inal upstream  segment 

which contains the additional activation function (AF3) (18). PR-C lacks one 

o f  the zinc fingers necessary for association with DNA response elements and 

may acts as a  depressor o f  P4 actions by binding P4 or dim erizing with the two 

other PR  isoforms (19).

In hum an breast cell lines PR-C was a  m inor isoform  (7). However, in 

early pregnant rat decidua, PR-C is the dominant form (20). O ur data suggest 

that PR-B becom es the dom inant isoform in late gestation but PR-A and/or PR- 

C become dom inant prior to delivery. This change may be an important aspect 

o f  preparation o f  the gravid uterus for parturition in that it may effectively 

diminish the ability o f  P4 to maintain uterine quiescence.

In m ost animal models, including the rat, parturition proceeds normally 

only w hen there  is a  w ithdrawal from the influence o f  P4 (1). In most cases, 

this is accom plished by a decrease in the production rate o f  P4 with a 

corresponding decline in maternal serum P4 concentrations. M aternal serum P4 

concentrations in this species decline in late gestation and reach their lowest 

levels by day 22  (2). A  switch in PR isoform expression would augment the P4 

withdrawal. T his m echanism  could be particularly im portant in primate 

species w here there appears to be no significant decline in maternal P4 

concentrations around the time o f parturition (21).
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Adm inistration o f  the estrogen antagonist TA M  resulted in a  significant 

delay in parturition. Although TAM  may have m ixed agonistic and 

antagonistic properties, it acts as a  strong antagonist in the high estrogen milieu 

o f  late pregnancy (22). W e have demonstrated that TAM  administration does 

not significantly change maternal serum P4 concentrations (2). It is possible 

that the effect o f  TAM  on the timing o f  parturition is mediated by a change in 

the relative expression o f  PR isoforms. The data  from the TAM -treated 

animals suggest that the increase in PR-A/PR-C prior to parturition is 

dependent on estrogen. The 5 ’-untranslated and 5 ’-flanking regions o f  the rat 

PR  gene contain five imperfect palindromic estrogen response elem ent (ERE) 

and several widely-spaced half-sites (10). Estrogen up-regulates PR in breast 

cancer cells (2 3 ,2 4 ) rat uterus (9) and sheep endom etrial and myometrial cells 

(25). The estrogen-induced isoform ratios also appear to be a tissue-specific. 

Estrogen stimulated mRNA for both PR- A  (10 fold) and PR-B (5-fold) in 

hum an endometrial stromal cells (26) but only increased PR-B in T47D  cells 

(23). Estrogen increased PR-A protein levels 5-fold greater than PR-B in 

rhesus monkey endometrium (27). These findings support our data and 

suggest that the PR-A isoform may account for m ost o f  the estrogen-dependent 

increase in PR  m RNA that we demonstrated prior to parturition.

The administration of the PR antagonist RU 486 on day 15 o f  gestation 

caused m arkedly premature parturition approxim ately a  day following 

administration. The present data demonstrate tha t in this model, changes in PR 

isoform expression appear to be similar to those observed at normal parturition. 

Treatm ent w ith RU-486 significantly increased the concentration o f  PR-total 

mRNA but not PR-B, suggesting that P4 has a  tonic inhibitory effect on PR-A 

and/or PR-C expression and this is released by the  P4 antagonist.

The effects o f  P4 appear also to be tissue specific and isoform- 

expression specific. For example, w ithin hum an endometrium P4 increased the
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PR-A and PR-B mRNA by 2- to 10-fold in the stromal cells but reduced them 

in glandular epithelial cells (26). D ifferent effects were also found in different 

tissues from the rhesus macaque. Ogle et al. reported that RU-486 treatment 

reduced decidual PR-A and PR-B but not PR-C protein levels in day 9 

pregnant ovariectomized rat (20). They also reported that P4 had different 

effects on PR  mRNA between day 10 and day 14 gestational tissues. The 

differences between their findings and ours may relate to the difference in 

tissue types as well as the difference in gestational age.

These experiments were designed to study the influence o f  sex steroid 

antagonists on relative expression o f  PR  isoforms. W e acknowledge that it is 

highly likely that estrogen and P4 influence transcription o f  many other genes 

that play an important role in the mechanisms o f  parturition. Similarly, the 

steroids, and potentially their antagonists, may have important non-genomic 

effects including interaction with m em brane receptors, such as oxytocin 

receptors (28), that may influence uterine contractility. It is not clear how 

important the changes in PR  isoform expression are in relation to the complex 

mechanisms regulating the timing o f  parturition. However, this physiologic 

phenomenon does offer an explanation that could underlie a mechanism for 

significant “P4 withdrawal” in the absence o f  changes in P4 concentrations or 

total P4 binding to uterine tissues. It will be important to demonstrate 

corresponding changes in protein expression using W estern analysis or 

immunohistochemical techniques.

Little is known regarding the regulation o f  expression o f  PR isoforms. 

Though the three isoforms are transcribed from the same gene, at least two 

functionally distinct promoters have been found on this gene. Consensus 

progesterone response elements have not been identified. W hereas estrogen 

may influence gene transcription directly through the weak ERE sites in the 

promoters, it is likely that there are m ore important indirect or non-genomic
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mechanisms o f  steroid hormone action. In addition to tram scriptional 

regulation, these m echanisms may influence mRNA stabillity, translational 

activity or post-translational modifications o f  the PR genee products.

In summary, these data have provided information regarding the uterine 

concentrations o f  mRNAs for PR isoforms through late raat gestation and 

around the time o f  parturition. The results strongly suppcort a  role for estrogen 

and P4 in the regulation o f  PR  isoform expression. O ur fundings provide 

another mechanism that may contribute to the withdrawal! o f  P4 that is essential 

in the mechanism o f  parturition in many species. Further investigation o f  the 

changes in PR  isoforms at translational and posttranslatioinal levels may 

provide more information regarding the roles o f  PR isofoirms at parturition.
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Figure 5-1 a.) Diagram matic scheme o f  cD N A  for the rat PR-A, PR-B and

PR-C isoforms. The PR-A isoform  is an N-term inally truncated naturally 

occurring variant o f  the B isoform. The PR-C isoform  is also a N-terminally 

truncated transcriptional product but m uch sm aller than PR-A. The locations 

o f  the PC R  primers used to generate cDNA tem plates (orange areas) for cRNA 

probes used for ribonuclease protection assays are indicated.

b.) The sequences o f  primers used to generate the probes for 

PR-B m RNA (PBi/PB2)and for PR-total m RNA (P-rc/Pr-O- The latter includes 

mRNAs for PR-A plus PR-B plus PR-C.
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Figure 5-2 U terine PR-total and PR-B m R N A  concentrations in rat uterine 

tissues obtained through late gestation from  day  13 o f  pregnancy to  during 

delivery (d e fy )  and postpartum  day 1 (pp-1). Each point represents the mean 

±  SEM  from 3 - 9  animals. Histograms representing PR-total in panel b. and 

histograms in panel c. w ith different letters are significantly different each 

other by A N O V A  and Tukey-Kram er tests. (P  <  0.05)

a.) Representative ribonuclease protection assay showing PR-total, 

PR-B and (3-actin m RNA levels in uterine tissue. Each lane contains RNA (20 

jig) from the uterus o f  one animal.

b.) The ratio o f  PR-total or PR-B to p-actin  mRNA.

c.) T he ratio o f  PR-total to PR-B m RNA.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Day 13 15 16 18 19 20 21 22 del’y pp-1

3-

b. <  3^i
Z

s
.S  2 .5
w 
48 1 2CO.
® 1.51

PS 

®

.2  0.51

o-1-

■  PR-total 
E  PR-B

ab

I
ac

i a ac _ ab _

1 I I I I
ab

IIII il IIIIIIHII !■ i

18 19 20 21
Gestational age

22 del’y pp-day 1

180

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-3 Effects o f  TAM  on uterine PR-total and PR-B m RNA

concentrations in rat uterine tissues through late gestation and delivery (del’y). 

Each point represents the m ean ±  SEM from  3 - 5  animals. T he histograms 

w ith different letters are significantly different from each other by ANOVA 

and Tukey-Kramer tests. The asterisk (*) indicates a  statistically significant 

difference between the control and TAM -treated groups (P  <  0.05).

a.) The ratio o f  PR-total to P-actin mRNA in controls and TAM  

treated animals.

b.) The ratio o f  PR-B to P-actin mRNA in controls and TAM  treated

animals.
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Figure 5-4 Effects o f  RU486 on uterine PR-total and PR-B mRNA 

concentrations in rat uterine tissues through late gestation and delivery (del’y). 

Each poin t represents the m ean ±  SEM o f  4  - 6 animals. The histograms w ith 

different letters are significantly different from each other by ANOVA and 

Tukey-K ram er tests. The asterisk (*) indicates a  statistically significant 

difference betw een the control and RU486-treated groups (P  < 0.05).

a.) The ratio o f  PR-total to P-actin m RNA in controls and RU486 

treated animals.

b.) The ratio o f  PR-B to P-actin mRNA in controls and RU486 

treated animals.
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6. EFFECTS OF LEPOPOLYSACCHARIDE AND

INTERLEUKIN-6 ON OXYTOCIN RECEPTOR IN NON­

PREGNANT AND PREGNANT RAT UTERUS

(This paper has been accepted by the American Journal of 
Reproductive Immunology, 1999)

6.1. IN T R O D U C T IO N

OT is a potent stimulus to myometrial contractility in essentially all 

species. W e and others have demonstrated that OT and O TR  are synthesized 

within intrauterine tissues o f  the rat and the human during late gestation (1-3). 

OT mRNA is increased significantly between day 14 and day 18 o f  pregnancy 

and there is a corresponding increase in immunoreactive OT that occurs ju st 

before labour. Myometrial sensitivity to OT parallels the rapid increase in 

OTR mRNA and protein that occurs in the few hours immediately preceding 

normal parturition (1, 3 ,4 ). Little is known regarding the regulation o f  OT 

and OTR around the time o f  parturition. Expression o f  OT and OTR genes in 

the rat uterus may be regulated by estrogen and progesterone (5, 6).

Recent evidence suggests a  role for the immune system in the regulation 

o f  parturition. Amniotic fluid concentrations o f  EL-1, IL-6 and T N F a are 

elevated at the time o f  human preterm  or term labour (7, 8). Human decidual 

and mouse uterine tissues synthesize those cytokines (9-12). The rat OTR 

gene promoter contains 3 copies o f  the acute phase response elem ent that can 

be activated by IL-6 and 3 copies o f  the response element for NF-IL6 that is 

involved in mediation o f  many immune reactions (13). These data support the 

hypothesis that the inflammatory cytokines may play a  role in parturition 

through regulation o f OTR gene transcription.

The objective o f  the present studies was to investigate the interactions
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between the immune system  and parturition in the rat with particular reference 

to changes in serum estradiol and progesterone concentrations and intrauterine 

expression o f  OT and OTR. Specifically, w e report our attempts to establish a 

rat model o f  preterm labour using LPS in vivo  to stim ulate the immune system  

in late gestation. W e also report our studies to establish an in vitro  uterine 

explant system to determ ine the effects o f  the pro-inflam m atory cytokines on 

uterine tissue concentrations o f  OT and O TR mRNA. W e include here our 

data investigating the effects o f  IL-6 on uterine O T R  mRNA levels.

6.2. M ATERIALS AN D  M ETHODS

6.2.1. Anim als and Treatm ents

The animals used in this study are described in detail in Chapter 2. The 

uteri were removed immediately after death. Vaginal smears were used to 

determine the estrus phase in non-pregnant animals.

In  vivo studies

In total, 40 pregnant animals were used in these studies. In preliminary 

studies, varying doses o f  LPS (10 - 400 pg/rat, w ith appropriate saline 

controls) were injected intraperitoneally at day 18 o f  pregnancy to determine 

the effects on the length o f  gestation. Some anim als received a repeated doses 

o f  LPS after 8 hours the  first dose given. To determ ine the time course o f  

changes in estradiol and progesterone, animals w ere injected with 200 jig LPS. 

Serum and tissue sam ples were collected at tim e 0 h, 4 h, and 10 h after 

treatment and during labour (after delivery o f  the first pup). The control group 

received only vehicle and the animals were killed at the same time points as 

the experimental group. Samples were collected, frozen in liquid nitrogen and 

stored at -8 0 °  C.
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In vitro explant system

U terine tissues w ere collected from pregnant rats at day 16 o f  gestation 

or from  non-pregnant rats (ten-week old virgin ) on proestrus. Three or four 

whole uterine tissues were pooled from the pregnant or non-pregnant animals 

and chopped into 0.5 cm squares under sterile conditions. Three or four such 

squares (total o f  0.15 to 0.2 gram tissue) w ere random ly distributed into each 

o f  60 x  15 mm petri dishes containing 4 ml o f  D M EM -H am ’s F: 12 medium 

with supplem ents and lOml/L lOOx lyophilized antibiotics-antimycotics. The 

supplem ents included 0.24 %  NaHCC>3, 25 m M  H EPES, and 10 mM M EM 

non-essential am ino acids solution. Incubations w ere performed in duplicate, 

w ith appropriate controls, in the presence o f  ra t IL-6 at concentrations o f  0, 1, 

10, or 100 ng/ml for 0, 10, 24, or 48 hours at 37 C in 95% air:5% C 0 2. The 

m edium  w as changed after 24 h. At the end o f  the incubation period, tissues 

w ere collected, frozen in liquid nitrogen and stored at -8 0 °  C.

6.2.2. R IA  for Serum  E2, P4 and Uterine OT

T he RIA procedures and antisera for E 2 and P4 assays have been 

discribed previously (14). OT peptide w as determ ined by RIA according to 

the procedure described previously (2). The protocol is described in detail in 

Chapter 2.

6.2.3. R N A  Preparation and mRNA M easurem ent for OT and OTR

Frozen uterine samples or explant tissues w ere homogenized in 1 ml 

Trizol™  and total RNA w as extracted and purified by following the 

m anufacturer’s instructions. OT mRNA and O T R  mRNA levels in the uterine 

tissues w ere m easured by RPA. The assay w as perform ed as previously 

described (2). T he details o f  the probes and procedure o f  RPA are decribed in 

Chapter 2. A  sam ple o f  RNA from one anim al a t each tim e point from each 

group, chosen at random , was included on each gel. The gel was exposed to
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X A R x-ray and autoradiograms were quantitated by analyzing the density o f  

each blot using NIH-im agine analysis software, after scanning in a high 

perform ance scanner.

6.2.4. OT Binding Assay for OTR

A  binding assay to measure OTR in uterine tissues was developed using 

a  m odification o f published OT binding assay (1) and are described in Chapter 

2 .

6.2.5. Statistical Analysis

D ata are presented in graphs as the mean ±  SEM. Sequential data were 

first analyzed using one-way ANOVA (Instat; GraphPad Software, San Diego, 

CA). P ost hoc  comparisons o f  the means were performed using the Fisher’s 

Protected LSD test. Differences between the experimental and control groups 

were sought using two-way ANOVA (Prism; GraphPad Software). The two- 

tailed unpaired Student’s t  test was performed to compare two groups at the 

same tim e point. D ifferences were considered significant when a P  value less 

than 0.05 was obtained. I f  Bartlett’s test revealed nonhomogeneity o f  

variance, the corresponding nonparametric test was used.

6 .3 . R E S U L T S

6.3.1. In vivo Studies

In preliminary studies to establish the most effective dose o f  LPS to 

stimulate preterm parturition, there was marked variability in the responses 

observed. There appeared to be no relationship between the dose o f  LPS and 

the occurrence o f preterm  delivery (Table 6-1). W hen preterm labour did 

occur, the first pup was delivered between 24 h and 48 h after LPS treatment. 

There was a high maternal mortality rate after LPS treatment and, again, this
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appeared to have no relationship to  the dose o f  LPS. Interestingly, in tw o o f  

the animals receiving lower doses o f  LPS, parturition was delayed by a day.

Because o f  the variability o f  the response and the high m ortality rate 

w ith maternal intraperitoneal LPS injections, it was elected to abandon further 

attempts to establish this model. How ever, tissues were obtained from  several 

o f  the animals in the planned tim e course study and these data are presented in 

Figure 6-1. Only 2 or 3 experim ents were completed at each tim e point so 

statistical analyses were not attem pted. Although w e are unable to m ake valid 

conclusions, the data dem onstrate som e interesting trends. As expected, serum 

concentrations o f  estradiol and progesterone did not change in the control 

group. In contrast, in the LPS- trea ted  rats, serum estradiol rem ained 

unchanged until labour when it w as quite low and serum progesterone 

appeared to decline imm ediately a fte r treatment w ith LPS. W hereas OT 

m RNA and peptide remained unchanged in the control animals, there appeared 

to be a  decline in both in the LPS-treated group. Concentrations o f  O TR  

m RNA and binding activity rem ained constant in the controls but increased 

m arkedly after LPS injection, beginning at approximately 10 hours and 

achieving levels approximately 2 0 -fold increased over basal levels at the time 

o f  delivery.

6.3.2. In vitro Studies

Using uterine explants from  the rats at day 16 o f  gestation, incubation 

w ith IL-6 resulted in a significant increase in the tissue concentration o f  

mRNA for OTR. The maximal response was observed at IL-6 concentrations 

o f  10 ng/ml. A t concentrations o f  100 ng/ml, there was a decline in O TR  

mRNA to baseline levels and the  explants appeared in poor condition by 24 

hours (Fig. 6-2).

In the uterine explant system , O TR mRNA concentrations in the  tissues 

from day 16 pregnant animals tended  to increase with time in culture but this

193

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



did not achieve statistical significance. However, in the presence o f  IL-6 (10 

ng/ml), OTR m RNA levels w ere stimulated significantly over tim e with 

m aximal tissue concentrations (3 - 5-fold increase over controls) detected at 48 

h after treatm ent (Fig.6-3). The concentration o f  O TR mRNA in uterine 

tissues obtained from rats on proestrous was approxim ately 2 -fold higher than 

in pregnant uterus at day 16. EL-6 had no effect on O TR  mRNA in proestrous 

uterine tissues.

6 .4 . D IS C U S S IO N

A growing body o f  evidence suggests that host-derived cytokines are 

im portant in the m echanism o f  parturition. Based on the model o f  LPS- 

induced preterm labour in m ice (15), w e expected that administration o f LPS 

also would precipitate delivery in the rat. Cytokines such as EL-1, T N Fa and 

EL-6 are elevated in amniotic fluid o f  wom en w ith preterm  labour or term 

labour (7, 8). Hum an decidua and m urine endometrium have been shown to 

produce these three cytokines (9-12). Further, only 4-7 %  o f  cytokines, 

including IL-6 , can traverse the amnion and chorion intact (16), suggesting 

that the synthesis o f  cytokines by the decidua may be much higher than 

expected from amniotic fluid concentrations. Furthermore, preterm  labour can 

be induced by intra-amniotic injection o f  IL -1(3 in the rhesus m onkey (17), by 

systemic injection o f  E L -la  or LPS in mice (15, 18) or by intra-amniotic 

adm inistration o f  E L -la  and T N F a in the rabbit (19). However, in the present 

studies, the systemic adm inistration o f  LPS to pregnant rats at day 18 gave 

extremely variable and unpredictable results. M any rats injected w ith LPS 

appeared severely ill and the m aternal m ortality rate was extrem ely high. 

N either the delivery rate nor the degree o f  maternal response appeared to be 

dose-dependent. Because o f  this, w e considered that this model would be 

unstable and likely o f  little physiologic relevance. Therefore, w e discontinued

194

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



attem pts to establish an in vivo  model o f  LPS-induced preterm labour in the 

rat. However, it should be noted that we used only one lot o f  LPS and it may 

be inappropriate to generalize to all preparations o f  endotoxin.

Little is known concerning the relationships between cytokines and the 

intrauterine expression o f OT or O TR  in late rat gestation. Our preliminary 

data showed an increase in the concentrations o f  OTR mRNA and O T binding 

w hich began within hours after injection o f  the endotoxin. This increase is 

sim ilar to our previous findings following the injection o f  the progesterone 

antagonist RU486 to the m other on day 15 o f  gestation (20). Interestingly, in 

the present studies, it appeared that maternal serum progesterone levels began 

to decline before the OTR m RNA levels increased. Since the corpus luteum is 

the principal source o f  progesterone in rat gestation (21), these findings would 

be compatible with the hypothesis that the primary mechanism of LPS is to 

induce luteolysis. The low levels o f  estradiol at the time o f  delivery would 

support this hypothesis. Though w e did not measure the concentration o f  IL-6 

in uterine tissues after LPS treatm ent, others have found that concentrations o f 

IL-1, IL-6 , and T N F a increase markedly within 10 h after LPS treatment to 

pregnant mice (15). Again, this would be compatible with the hypothesis that 

the primary mechanism o f LPS is to induce luteolysis.

The increased OT binding demonstrated in these preliminary data 

following LPS treatm ent is likely due to translation o f  the increased OTR 

mRNA. Alternatively, it could result from the decrease in P4, a  hormone that 

recently has been demonstrated to compete with OT for binding to O TR  (22).

As in our previous studies, parturition occurred despite a decline in 

local OT mRNA and peptide (1 ,2 0 ). This suggests that OT is less im portant 

than OTR in the regulation o f  myometrial contractility. It also raises the 

intriguing possibilities that there may be another ligand for OTR or that the 

receptor may be activated in the absence o f  ligand. In the in vivo  experiments, 

the levels o f  OT m RNA and peptide were reduced following LPS. This
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suggests that LPS or its mediators m ay suppress OT gene expression. 

Interestingly, in two o f  the animals that received lower doses o f  LPS, 

pregnancy was extended for 24 hours. Although these observations are quite 

preliminary and cannot form the basis o f  valid conclusions, they suggest that 

the interaction between the pro-inflammatory cytokines and uterine 

contractility may be complex and variable according to dose.

Though luteolysis may explain some o f  the effects o f  LPS injection, our 

results from the uterine explant experiments demonstrate that IL-6 also has a  

direct effect on local synthesis o f  O TR m RNA in the tissues obtained in late 

pregnancy. This is sim ilar to previous report demonstrating that IL-6 

increased O TR m RNA in cultures o f  immortalized human myometrial ceils 

(23). This culture system allows the study o f  intact tissues within their 

endogenous m atrix and avoids the potentially artifact-producing procedures o f  

cell dispersion and culture. Using this system w ith human tissues, we have 

demonstrated that the cells remain metabolically, endocrinologically and 

histologically intact for at least five days (24). During the incubation period, 

there w as a  gradual decline in the abundance o f  the “housekeeping” P-actin 

m RNA accompanied by an increase in OTR mRNA. W e added IL-6 to the 

cultures immediately following tissue preparation without a  recovery period. 

The incubation medium was changed only once every 24 hours and it is 

possible that toxin products from the damaged tissues may be responsible for 

the decline in mRNA for p-actin. However, these data suggest that the 

cytokine-induced increase in OTR is mainly transcriptionally regulated. W e 

do not know whether the induced levels o f  OTR mRNA are through increase 

in synthesis or stability o f  mRNA. OT binding was not measured in these 

experiments. The optimal concentration o f  EL-6 for stimulating O TR m RNA 

was approximately 10 ng/ml in day 16 uterine explants. A t 100 ng/ml, there 

was no increase in OTR mRNA and the mRNA levels for the reference gene
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(p-actin) w ere decreased. The explants appeared in unhealthy condition by 24 

hours suggesting a  non-specific toxic effect on  the tissues.

There was no change in OT mRNA after administration o f  IL-6, 

compared to the control (data not shown) indicating that the mechanisms for 

regulating O T and O T R  gene expression in these tissues are different

Since our objective has been to study paracrine interactions between 

tissue layers w ithin the pregnant uterus, w e m ade no attem pt to separate the 

various tissues w ithin the uterus in either the  in vivo  nor in vitro  experiments. 

Both m yom etrium  and endometrium contain O T R  that may be important in the 

regulation o f  parturition (25). Our present data do not allow  conclusions as to 

w hether one or more tissues or cell types respond to IL-6 w ith increasing 

concentrations o f  O TR mRNA.

In contrast to the tissues from pregnant rats, uterine O TR  mRNA levels 

w ere not stimulated in tissues from the non-pregnant animals. This suggests 

that the effects o f  cytokines in uterine tissues m ay be m ediated by other factors 

that are present during pregnancy. Such factors could include IL-6 receptors 

or a variety o f  transcription factors that are com m only associated with 

m ediation o f  the effects o f  the inflammatory cytokines (26 ,27 ). In this regard, 

both the rat and hum an OTR promoters contain NF-IL6 response elements (13, 

28). One o f  them  is quite close to the transcription start site and one is closely 

associated w ith two acute phase response elements. O ther transcription factors 

such as N F-kB  have been shown to regulate the enzym e prostaglandin H 

synthase-2 w hich is important in the m echanism  o f  parturition (29). There is 

no inform ation about the concentrations o f  these transcription factors nor the 

role they play in regulating myometrial contractility in the non-pregnant or 

pregnant uterus.

Based on consideration o f  the response elements present in the 

prom oter region o f  the OTR gene, we chose to use IL-6 in our initial studies o f  

the regulation o f  O TR by cytokines. It will be im portant to explore the role o f
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other cytokines, particularly those associated w ith the pro-inflammatory 

response, on the regulation o f  uterine O TR concentrations.

In summary, our results show  that LPS and IL-6 stimulate O TR  gene 

expression in the late gestation ra t uterus. They suggest that LPS m ay induce 

luteolysis in vivo  but also demonstrate a  direct effect o f  EL-6 on uterine tissues 

in vitro. The data also dem onstrate that LPS is extremely toxic to the pregnant 

dam  and is an unreliable and unpredictable m ethod to induce preterm 

parturition. These studies suggest a  potentially important role for the immune 

system in regulation o f  uterine contractility in late gestation and emphasize the 

possibility that pro-inflam m atory cytokines could be therapeutic targets in the 

strategy to  prevent or reverse preterm  labour. Further studies exploring these 

interactions between the immune system and the late gestation uterus m ay 

yield valuable information regarding the physiology and pathophysiology o f  

parturition.
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Table 6-1: The effect o f  maternal intraperitoneal LPS on parturition

LPS dose /rat (pg) No. of animal maternal death preterm delivery

400 2 2 -

200 5 2 2 (20) (48)*

200 + 200** 1 1 -

100 2 1 -

100+ 100** 2 2 -

50 5 4 1(30)

50 + 50** 2 1 1(29)

25 4 2 1(47)

10+10** 2 - 1(46)

10 + 25** 2 - -

* numbers in parenthesis indicate the hours after treatment when preterm delivery occurred
** these animals were administered repeated doses o f LPS - the second dose given 8 hours after the first



Figure 6-1 The effects o f  adm inistration o f  LPS on serum estradiol and 

progesterone, uterine OT and  ratio o f  O T m RNA to GAPDH m RN A , and 

uterine O TR  and ratio o f  O T R  m RNA to GAPDH mRNA. H istogram s 

represent levels in the control (closed) and LPS-treated (cross-hatched) groups. 

In these prelim inary experim ents, there w ere 2  or 3 animals in each group at 

each time point.
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Figure 6-2 Dose response curves o f  IL-6 in uterine explants obtained from 

pregnant rats on day 16. Tissues were incubated for 48 h. Each point 

represents the m ean ±  SEM  from 3-6 animals. The different letters are 

significantly different from each other by Fisher’s Protected LSD test. (P  <

0.05)
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Figure 6-3 The effects o f  IL-6 on pregnant and proestrous uterine OTR 

mRNA.

a.) Representative ribonuclease protection assay show ing uterine 

O TR and P-actin mRNA levels in control and IL-6 treated rat uterine explants. 

Each lane contains RNA (40 pg) from  day 16 pregnant uterus o f  one animal.

b.) the effects o f  EL-6 on day 16 and proestrous uterine O TR

mRNA.

Each point represents the m ean ±  SEM  from 6 animals. The different letters 

are significantly different from  each other by Fisher’s Protected LSD test. The 

asterisk denotes P  < 0.05, comparing the two groups at the same tim e point.
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7. CONCLUSIONS

The information we have collected during the course o f  our experiments 

allow us to provide at least partial answers to three m ajor questions regarding 

the role o f  OT and its receptor in the mechanisms o f  parturition in the rat:

1. Are OT and its receptor important in the process o f  rat parturition?

The answer is yes. Based upon all current information, it is becoming 

clear that the process o f  parturition involves multiple phases controlled by 

multiple factors, and these factors have to be stimulated and coordinated in an 

appropriate fashion. In the rat, OT and its receptor are a part o f  these 

complicated components and may play a  key role in regulating the process o f 

labour. Our data clearly demonstrate that a rapid increase in uterine OTR 

production occurs prior to parturition at term or at the time o f preterm labour 

induced by anti-progestin (RU486) treatment (Chapter 3 and 4). This increase 

in uterine OTR is also present in the preliminary data following the injection o f 

endotoxin (Chapter 6). In addition, when O TR remained at a  low level 

following treatm ent w ith the anti-estrogen TAM, parturition w as delayed until 

the uterine concentration o f  OTR increased to levels seen at normal term 

labour (Chapter 3). Based on these data, O TR is definitely associated with the 

process o f parturition, although we can not definitively conclude that there is a 

cause-effect relationship.

From the literature, other studies indicate a positive relationship 

between OT levels and uterine contractile activity in late gestation. There is 

increased pulsatile release o f  OT into nocturnal maternal plasma in late 

pregnancy in rhesus monkeys and humans (1-3). This increase is paralleled 

w ith an increase in the nocturnal myometrial contractility. Furthermore, in 

rhesus monkeys (4) and baboons (5), an O TR  blocker can diminish this
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myometrial contractility and responsiveness and delay the occurrence o f  

parturition in rats (6).

In our studies, uterine concentrations o f  OT remained low even at the 

tim e o f  delayed parturition in the TA M -treated animals or at the tim e o f  

RU486-induced preterm parturition. T hese data indicate that high 

concentrations o f OT are not necessary for parturition. However, the 

concentration o f  uterine OT on day 21 o f  pregnancy is approximately 30-fold 

increased over that in the nonpregnant uterus (7). Although TAM  and RU486 

decrease OT concentrations in the uterus, they are still much higher than that 

in the non-pregnant uterus. Therefore, the  uterine concentrations o f  OT 

peptide in TAM- and RU486-treated anim als may provide sufficient ligand to 

stim ulate myometrium. Conversely, since in all animal models o f  normal, 

preterm  or delayed parturition, O TR concentrations increase markedly before 

delivery, it is possible that myometrial activity is controlled at the receptor 

level, rather than the ligand level. H ow ever, it also raises the intriguing 

possibilities that there may be another ligand for OTR or that the receptor m ay 

be activated in the absence o f  the ligand.

Collectively, the literature, in addition to our own results, leads us to 

conclude that OTR does have an im portant role in rat parturition although the 

importance o f  OT needs further investigation.

2. A re OT and its receptor responsible for the initiation o f  parturition?

T he answer to this is no. Recently, Nishim ori et a l and Young e t a l 

have developed a null mutation “knockout” strain o f  mice deficient in OT. 

Parturition occurred normally in these m ice but the offspring did not survive 

due to lack o f  maternal nursing. From  th is it can be concluded that OT is 

required for nursing but is not essential fo r parturition (8, 9). A lthough it is 

possible that there are interspecies differences, other data from human and
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animal experiments do not support an obligatory role for O T in the initiation o f  

parturition.

Most human and rat data indicate that OT in the m aternal circulation 

increases significantly only after active labour is well established. Therefore 

circulating OT may only be responsible for fetal expulsion but unlikely 

stimulate the initiation o f  labour. However, the recent discovery o f  an OT 

paracrine or autocrine system w ithin the pregnant rat or hum an uterus may help 

rationalize a role for OT even in the initiation process. A  m uch higher 

concentration o f  OT mRNA and OT in uterine tissues than that in 

hypothalamus supports the existence o f  an intrauterine paracrine or autocrine 

system for OT during pregnancy. W ithin this system, OT can directly 

stimulates myometrial activity, but more likely, several factors such as OT, PGs 

and their receptors cooperate and interact w ith each other to stimulate 

myometrial contractility, and eventually initiate labour. This concept is in 

keeping with our data in w hich mRNA encoding OTR is increased at 6 h, OTR 

is elevated at 12 h, PGF2a is elevated at 24 h and RU-induced preterm delivery 

occurs at a  mean o f  27 h after injection (Chapter 4). This is also compatible 

w ith recent experiments in a PGF receptor gene “knockout” m ouse that does 

not undergo parturition. In this model, O TR  concentrations rem ain 

undetectable and the uterus is unresponsive to OT (10).

The process o f  parturition begins some time before the clinical signs o f  

labour. There is no way to determine the exact moment w hen parturition 

begins. Initiation o f  parturition may involve multiple changes in biochemical 

and physiological events, including maternal and/or fetal horm one changes. In 

general, P4 is responsible for uterine relaxation during pregnancy. In contrast, 

estrogen is believed to promote uterine contractility. P4, acting as a  gene 

suppressor, down-regulates a  num ber o f  genes that appear to be essential for 

uterine contractions including OTR, Cx-43, and calcium channels, while
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estrogen up-regulates these genes in late gestation. In late rat pregnancy, 

luteolysis causes the withdrawal o f P4 and precedes the initiation o f  parturition. 

O ur anti-progestin RU486 experiments support the hypothesis that P4 has an 

inhibitory effect on OTR and PGs, while withdrawal o f P4 can induce preterm 

labour in this species (Chapter 4). This is also compatible with our findings 

following the injection o f  endotoxin LPS (Chapter 6).

3. W hat are the major regulators controlling synthesis o f  OT and its 

receptor in late pregnancy?

Based on the literature and the data from this thesis, it appears that sex 

steroids are m ajor regulators o f  the intrauterine paracrine system. In particular, 

this thesis has provided interesting results regarding the role o f  sex steroids in 

regulation o f  OT and OTR.

Administrating the anti-estrogen TAM , the increased mRNA and 

peptide levels for OT normally seen prior to parturition is completely abolished. 

This is compatible with experiments from human decidual explants in which 

estrogen increases the OT mRNA level approximately 4-fold (11). These data 

strongly suggest that estrogen stimulates OT synthesis. In the TAM-treated 

animals, OTR mRNA and O TR remain low at the time when normal 

parturition usually occurs but, at the time o f  delayed parturition, do increase to 

normal parturition concentrations, suggesting that estrogen is not required for 

the pre-parturition increase in OTR. W e have hypothesized that the increased 

OTR may be stimulated by PGs, even in the absence o f estrogen.

W hen the P4 antagonist RU486 is administered on day 15 o f  rat 

pregnancy, uterine OT mRNA and OT decrease slightly. These results are in 

keeping with studies in non-pregnant rats, in which estrogen and P4 have a 

synergistic stimulatory effect on uterine O T gene expression (12). Our data 

showing that OTR mRNA and peptide are increased markedly after treatment
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w ith RU486 support that P4 plays an important role in regulation o f  synthesis 

o f  uterine OTR, and also confirm s earlier findings (13, 14).

The effects o f  the sex steroids also can be regulated by affecting 

biosynthesis o f  their own receptors. O ur results from  anti-estrogen 

experiments showed that T A M  decreased uterine cytosolic level o f  ER, 

suggesting that estrogen has a  positive influence on  uterine ER  synthesis. 

Furthermore, recent studies indicate that differential expression o f  isoforms o f  

E R  and PR  may be important fo r achievement o f  the  function o f  these sex 

steroids. O ur data dem onstrate that m RNA levels fo r PR-A and/or PR-C 

increase significantly in the ra t uterus ju s t before term  labour (Chapter 5).

Since PR-A and PR-C have a n  “ inhibitory” influence over PR-B, this change in 

isoform expression could effectively result in a P4 withdrawal that m ay then 

influence myometrial contractility. Though the anim als treated w ith TA M  or 

RU486 do not show a change in uterine cytosol total PR, TAM  decreases and 

RU486 increases the mRNA encoding PR-A and/or PR-C (Chapter 5), strongly 

suggesting that estrogen and P 4 can regulate uterine PR  functional level by 

controlling the synthesis o f  th e ir own isoforms. However, further studies are 

necessary to explore the protein levels o f  these isoforms for an understanding 

o f  the mode o f  action o f  these isoforms in the uterine paracrine system.

Accumulating evidence indicates that the inflammatory m ediators are 

involved in synthesis o f  intrauterine contraction associated proteins including 

OTR. W e have started to explore this unfamiliar field by injecting the  bacterial 

endotoxin, LPS into pregnant rats, and by adm inistering one o f  the pro- 

inflammatory cytokines, IL-6 to  rat uterine explants. Both experiments show a 

marked increase in uterine O T R  gene expression, supporting our hypothesis 

that inflammatory mediators, such  as endotoxin or EL-6 play a positive role in 

regulation o f  uterine O TR (C hapter 6). However, further studies are needed to 

clarify the mechanisms o f  these cytokines in this intrauterine paracrine system.
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As noted previously, several studies demonstrate a positive interaction between 

O TR and PGs in intrauterine tissues (15 ,16 ). The inflammatory cytokines also 

stimulate PG production (17, 18) and it is possible that there is an important 

synergistic network involving cytokines and PGs that regulate the synthesis o f  

intrauterine OTR. W e speculate that w hen OTR concentrations reach a 

threshold value in this paracrine system, parturition occurs (Fig 7-1).

In summary, estrogen and P4 are the major regulators o f  intrauterine OT 

and its receptor. Estrogen appears to upregulate both, w hereas P4 appears to 

have a positive effect on OT but a  strongly negative effect on OTR. Estrogen 

and P4 also regulate their own receptor synthesis w ithin this paracrine system. 

Estrogen increases its own receptor and also increases PR-A and/or PR-C 

mRNA level, whereas P4 inhibits PR-A and/or PR-C m RNA in rat uterine 

tissues.

Finally, the work in this thesis ha helped address another question o f 

importance to researchers in this field.

Is the rat model suitable for human parturition studies?

Though rat and hum an are two completely different species, there are 

still many physiological similarities. In the human, estrogen and P4 are 

produced predominantly by the corpus luteum during the first 6 - 8  weeks o f  

gestation after which the placenta is the m ajor producer o f  steroids. In 

contrast, in rats these two hormones are produced by the corpus luteum 

throughout pregnancy. However, w e are interested particularly in intrauterine 

paracrine or autocrine systems, w hich affect OT and its receptor gene 

expression and influence parturition onset. Intrauterine hormone changes 

appear to be similar in both species prior to labour onset: a  local increase in 

E2/P4 ratio caused by luteolysis in rats and by local synthetic changes in 

humans. Tissue contributions and concentrations o f m RNA and peptide for
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OT and O TR  also are similar in rats and in hum ans in late pregnancy. OT is 

mainly synthesized in the decidua in the hum an (19) and endometrial layer in 

the rat (7). O TR is produced by decidua and endometrium , and myometrium in 

both rats and humans. These data suggest that there is a paracrine or autocrine 

network in both human and rat intrauterine tissues. Additionally, there are 

several other advantages to using the rat model rather than large animals to 

study the intrauterine paracrine system. These include a short gestational age, 

relative low  cost and ease o f manipulation. Therefore, the rat appears to be a 

good model for studying the role o f  the intrauterine paracrine system in the 

mechanism o f parturition, although more experiments are required in both 

species to completely validate this.
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Figure 7-1 Schematic diagram o f  the hypothesized paracrine network o f  

interaction betw een sex steroids, OT, PGs and their receptors w ith rat or 

human intrauterine tissues. W hen a withdrawal o f  P4 in rats or a local increase 

in E2/P4 ratio in humans occurs in the late pregnant uterus, E R  and PR-A 

and/or PR-C synthesis are increased to enhance the estrogen stimulating action 

and to diminish the P4 inhibitory action. The changes in estrogen and P4 action 

lead to increases in both O TR and PG levels. The positive interactions between 

OTR and PGs amplify this effect. Additionally, inflam m atory cytokines, 

including IL-6 , m ay stimulate synthesis o f  OTR and PG in this paracrine 

network. W hen OTR and PG concentrations reach a threshold value, the 

parturition occurs. Effects o f  antiestrogen TAM  (green), antiprogestin RU486 

(red) and endotoxin LPS (blue) on the paracrine pathway are indicated.
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