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THESIS ABSTRACT

The effect of altered metabolism on uterine contractility

Tshikaya Kaleta

Among the challenges encountered in maternal and children health, uterine contractility

issues remain one of the major obstacles. Uterine contractility problems may result in

preterm birth, dysfunctional labour (one the reasons for cesarean sections) or post-partum

hemorrhage, one of the leading causes of maternal death. The drugs that have been used to

control these concerns have limited effect.

During labour, uterine contractions cause transitory ischemia, as a result, glucose provision to

the myometrium is hampered. A direct causal link between glucose deficiency and impaired

myometrial muscle function has not been established. How changes in glucose concentration

affect uterine contraction is not known. To improve delivery outcomes and to decrease the

frequency of emergency caesarean sections and post-partum haemorrhage, uterine

contraction mechanisms and its impairments need to be made clear. | investigate this in vitro

and compare the effect in mouse and human.

This study aims (1) Run a structured review to provide evidence from published works on

myometrial glycogen storage during pregnancy and after delivery.(2) to clarify the effect of
altered metabolism on uterine contractility by investigating the mechanism of the action of
zero glucose (3) to determine the changes that it produces in myometrial glycogen storage

using a mouse and human model in vitro (4) to investigate the effect of changes in glucose on

labour progression.

A structured review on uterine glycogen storage was performed and found that under hormonal
influence glycogen content increases during pregnancy for foetal survival and preparation of
labour and decreases immediately after delivery. Therefore, it is suggested that glycogen
storage is of major importance in the contractile activity of the uterus during labour.

Isometric contractility studies were performed exploring the effects of glucose depletion under

hypoxic environment, oxytocin, depolarised conditions and Flavopiridol.
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This thesis produced some evidence that zero glucose significantly inhibits spontaneous
contractions, irrespective of how they are produced(t-test.) The decline in contractility was most
pronounced with the combined action of zero glucose and hypoxia, with contractions frequently
stopping altogether. In humans, there is evidence that the labouring myometrium is better able
to withstand the effects of zero glucose than the non-labouring. This may be because of high
reserves of glycogen in labouring myometrium.

The last step of this thesis explored the role of glycogen during labour and found that the
content of glycogen in women labouring normally and women with dysfunctional labour was
quite low, probably due to labour. The comparison of uterine glycogen content between women
with dysfunctional labour and normal labour was not possible because of small sample size in
these two groups, the duration of labour and the sample freezing time for glycogen
measurement was not the same however, there were considerable disparities found in the level
of glycogen in women at term, with some having high levels and others having very low. The
findings indicate that women with low level of glycogen in the myometrium at term are likely to
develop uterine dysfunction during labour. These results suggest that glucose deficiency may

contribute to the pathway underlying contractility related disorders in vivo.
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CHAPTER 1.

General introduction

The uterus is an essential organ of the reproductive system that is responsible for successful
gestation and childbirth. The uterus habitually receives the fertilised ovum and creates a safe
territory for implantation in the endometrium. It then experiences phases of hyperplasia and
hypertrophy to accommodate the growing foetus and its increasing metabolic needs.
Throughout pregnancy, the uterus supplies nutritive elements, blood, and considerable
mechanical support. As the pregnancy nears term, the uterus prepares for the onset of labour

(March et al., 2012).

1.1. The anatomy of the human uterus

The uterus or womb is the main secondary sexual organ of both the human and animal
reproductive system. The human reproductive organ is a hollow structure with thick walls in the
shape of a pear located in the pelvic cavity, sandwiched between the rectum in the back and the
bladder in front (Gartner and Hiatt, 2009). The uterus’s normal position is anteverted (the
uterine body leans forward) (Figure 1); however, in some women, it is retroverted and it may
even change position after gestation (Ameer et al., 2021). The uterus in a non-pregnant adult
womanis 7to9cm long, 4.5 to 6 cm wide and around 1.5 cm thick. The non-gravid uterus weighs
approximately 30 to 40 grams and gradually increases in weight to reach approximately 1 kg or
more in a term pregnant woman (Umar et al., 2017).In the pelvic cavity, the womb is supported
by numerous ligaments, including uterosacral, utero-ovarian, expansive, round and cardinal
ligaments (Ameer et al., 2020). The human uterus consists of two main areas: the cervix and the
corpus or body (Gartner & Hiatt, 2009). The corpus is the larger part of the superior part of the
uterus. It is made up of three main parts: the corpus, the bottom, and the isthmus. The fundus
of the uterus is the main part that connects to the fallopian tubes and the ovaries. The body,
also known as the corpus, is the main part of the uterus that connects to the cervix via the
uterine isthmus. The cervix is the lower, barrel-shaped portion that connects the uterus to the
vaginal cavity. The cervix comprises connective tissues and glands that produce fluids (Sokol

2011). During ovulation, the cervix thins to allow sperm to easily enter the uterine cavity.
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Throughout childbirth, the cervix gradually expands to let the foetus cross the birth canal.
Furthermore, the uterus is composed of three major layers. This is the endometrium, which is
the innermost layer; the thickest and firm muscle layer, called the myometrium; and the
outermost layer, known as the serosa or uterine peritoneum/perimetrium (Aguilar and Mitchell,

2010).

1.1.1 Endometrium

The endometrium is the uterus’s first layer. It is linked to numerous glands, blood vessels and
lymphatic spaces. This is the uterus's deepest (innermost) layer, and it is made up of epithelial
tissue. It also consists of a mucous membrane that lines the entire uterine cavity to the isthmus
where it continues with the lining of the cervix. This mucus membrane is responsible for
secreting mucus, which in turn supports the reproductive hormones in modifying the

endometrial thickness with each uterine cycle.

Uterus
Bladder HeIm
Urethra Vagina

Figure 1.1 Uterus anatomy: sagittal view of the female reproductive system. Image depicting
the position of the uterus compared to the bladder and the rectum and showing the anteverted
position of the human uterus (Image from Teachme Anatomy Library).
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Figure 1.2. Uterus anatomy: the structure of the non-gravid human uterus. Image illustrating
the 3 layers of the uterus: (1) endometrium (2) myometrium and (3) perimetrium, the cervix,
the uterine tubes, ligaments, and annexes (Image from Biorender Library).

1.1.2 Myometrium

The myometrium is the thick central layer between the endometrium and the serosa or
perimetrium. It consists of the uterine muscle cells that underlie the stroma and vascular tissues
(Young, 2007). The myometrium is a key organ that causes uterine contractions during labour
(Wray,1993).

There are three layers in the human myometrium that are poorly categorised. Each layer is
ordered in an alternate fashion in the form of internal round fibres, central interlaced muscle
filaments, and external longitudinal smooth muscle (Rudmann and Foley, 2013). The middle
layer is made up of huge vessels referred to as the vascular layer. These huge vessels undergo
marked thickening during pregnancy. Strong myometrial filaments are organized by forming a
circle of spirals of different lengths with the aim of building their volume without exerting
pressure on the developing embryo (Huszar and Naftolin, 1984; Henriquez Pino, 2017). In
rodents and other non-primate species, the principal layers are organised into longitudinal and
circular muscles (Huszar and Naftolin, 1984; Young, 2007).

During labour, the myometrium contracts, which causes the uterus to shorten, reduces the

intra-uterine space, and effaces the cervix (Garfield and Maner, 2007).
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1.1.3 The perimetrium

The perimetrium is an external serosa coat composed of connective tissues, which continue
with the broad ligament (Figure 1.2). Its function is to provide a mechanical protective coat

around the uterus.

1.1.4 Vascularisation of the uterus

The vasculature of the uterus is characterised by an organised anastomosing network and
interconnection system around the surface of the uterus. This vasculature system is linked with
organs to maintain a good supply of oxygenated blood (Osol, 2009). The uterus is mainly
vascularised by an arcade linked to the internal hypogastric and iliac pathways on each flank of
the uterus. It is also fed by the ovarian artery from the abdominal aorta. Besides, the
myometrium is nourished by arching veins penetrating deeply from the uterine artery. These
courses connect with other branches to the extended veins and sinuous arcade that end to feed
the decidua endometrium and the placenta during gestation (Wray and Prendergast, 2019).

The uterine arteries have ramifications in the myometrium known as arcuate arteries situated
in close proximity to the uterine surface. Radial arteries expand and cross the myometrium and
reach the endometrium. At the boundary between the myometrium and the endometrium, the
radial arteries divide to create spiral arteries and basal arteries. While gestation has no effect
on basal arteries or the menstrual cycle, the spiral arteries are very sensitive to the action of
oestrogen and progesterone. The radial and spiral arteries undergo a vasoconstriction in the
menstrual cycle secretory phase, causing ischemia then necrosis, and resulting in a shedding of
the functional endometrium during menstruation. Then the basal arteries generate new spiral

arteries, and the new menstrual cycle begins (Wray and Prendergast, 2019).

During pregnancy, the uterine vasculature undergoes important adaptation. This includes the
remodelling of the spiral arteries. They widen and become unable to respond to
vasocontractile excitation. This is crucial to secure sufficient blood supply to the placenta as
well as to the growing foetus for a successful pregnancy (Pijnenborg et al., 2006). The
remodelling process involves the cells of the immune system. The uterine natural killer cells and
macrophages activate the breakdown, disorganisation, and differentiation of the uterine vessel
structures, giving rise to the invasion of the vessel walls by interstitial trophoblasts to the point

that the whole endothelium is replaced by trophoblasts. Studies have revealed that the absence

28



of spiral artery remodelling is linked to pre-eclampsia and in utero foetal growth restriction

(Chaiworapongsa et al., 2014).

Another major change is that the larger vessels such as radial, arcuate, and uterine arteries
dilate in order to allow a very large amount of blood to flow to the uterus, with the flow rate
increasing from 45 mL per min in non-gravid uterus to almost 750mL per min at term. An
increasing fraction of the cardiac output goes to the pregnant uterus (Browne et al., 2015).
This change in blood volume is accomplished by a growth in the of vessel and a diminished
response to vasoconstrictive factors because of uterine denervation close to term in most

species, including humans (Thorbet et al., 1979).
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Figurel.3. Vascularisation of the uterus. The uterine arterioles form an anastomosing system
with a very well-developed interconnection across and around the uterus for a good supply of
oxygenated blood. The uterine arteries penetrate the myometrium with their branches; these
are called arcuate arteries (Lumenlearning.com).

1.1.5 Innervation of the uterus

The uterus has a myogenic character. It contracts on its own without any nervous or hormonal
stimulation (Wray 1993). The exact function of the nervous system on the uterine activity
remains unclear (Tica et al., 2011). Although neurotransmitters are present in the myometrium,
there is an absence of axons and contact between the endings of synapse and myocytes.

The pelvic organs are innervated by the autonomic nervous system, including the sympathetic

and parasympathetic networks. The sympathetic supplies the uterus and the cervix and comes
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from the inferior hypogastric plexus. The parasympathetic originates from the pudendal nerve
and supplies the vagina and surroundings (Morizaki et al., 1989).

The uterus and the cervix insensitive to burns and cuts, therefore the cervix does not need
anaesthesia during a cauterisation therapeutic procedure. On the other hand, the uterus and
the cervix are respectively sensitive to expansion and dilation. These are the cause of pain
associated with vaginal birth (Tong and Huo,1991). The uterine blood vessels are innervated by
sympathetic and parasympathetic nerves as well as sensory neurons (Gnanamanickam et al.,
2011). The sympathetic innervation generates a vasoconstriction effect by activating the a-
adrenergic receptors, whereas the parasympathetic nerve produces a vasodilatation effect by
activating muscarinic cholinergic receptors (Sato et al., 1996).

During pregnancy, the denervation of sympathetic nerves was noticed in the myometrium. In
the non-pregnant or early pregnant rat, fluorescence histochemistry revealed an abundant
presence of perivascular innervation but the nerve degeneration began around day 15 of
gestation. This process carried on to the point that by term the perivascular nerves in the
myometrium were almost absent (Klukovits et al., 2002; Monica and Smith, 2015).

Substance P (SP), neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP), and calcitonin
gene-related peptide (CGRP) are all neuromodulators found in sensory nerves. The presence of
nerves fibres for neuromodulators NPY, SP and CGRP has been identified in the myometrium of
non-pregnant rat, but this innervation is affected by pregnancy (Gnanamanickam et al., 2011,
Anouar et al.,, 1990). It has been discovered that the nerve fibres that contain the
neuromodulators CGRP are more profuse in the myometrium of a non-pregnant rat than the
pregnant at term (Anouar et al., 1990).

CGRP appears to relax non-pregnant myometrial tissues but has no impact on pregnant
myometrial tissues. Although circulating CGRP levels in humans and animals rise during
pregnancy, they plummet at term (Yallampalli et al., 2002). CGRP is a strong vasodilator. Besides,
sensitivity to this neuromodulator augments during gestation (Gangula et al., 2003) and seems
to be involved in the ripening of the cervix to facilitate the effacement and the dilatation of the
cervix during labour. Its role is crucial in the vascular remodelling of the uterus during pregnancy

(Kirby et al., 2005, Mowa and Pakpa 2004).
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Substance P (SP) is also present in the nerve fibres of sensory nerves in non-pregnant rat
myometrium. Its vasodilator effect on myometrial arteries seems not to change with gestation
(Wimalasundera et al., 2005) but it has a positive effect on cervical ripening (Mowa and Pakpa

2004).

Uterus
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plexus
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plexus

sS2
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Inferior hypogastric plexus

Right and left hypogastric nerves

Figure 1.4 The innervation of the uterus. The uterus receives sympathetic and parasympathetic
innervations. The autonomic nervous system is not needed for contractions since the uterus is
myogenic. In the myometrium, there are no synapses nor direct contact between axons and
myometrial cells. Nevertheless, neurotransmitters are released in the areas between muscles
bundles (Aleksandrovych et al., 2019). Letters T, L and S refer to thoracic, lumbar, and sacral
spinal vertebraes)
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1.2 Overview of the physiology of human pregnancy

1.2.1 Progression towards labour

During pregnancy there are changes in ion channels. For instance, the gap junctions and their
conductions increased and help make sure that changes in Ca?* and their impulse are promptly
communicated to the myometrium so that uterine contraction can be well coordinated. The
ion channels that are present in the myometrium and contribute to the excitation and
contraction coupling include calcium channels, potassium channels, chloride channels, store-
operated channels, sodium pump (Na, K ATPase).

The process of contraction is dependent on the control of calcium entry, which is regulated by
L-type Ca?* channels. Cells are equipped with a variety of K* channels, which are triggered by
voltage, Ca%*, ATP and stretch. The opening of chloride channels results in the outflow of CI-.
The plasmalemmal calcium flows are maintained by two pathways for efflux: plasma
membrane Ca-ATPase (PMCA) and Na, Ca exchanger(NCX). The Na pump (Na, K ATPase)
functions to eliminate 3Na* in conjunction with the entry of 2K*.By using the sarco-
endoplasmic reticulum Ca-ATPase (SERCA), the sarcoplasmic reticulum (SR) absorbs Ca?*, and
Ca%*isonly released via IP3-gated channels. STIM1 and Orail interact when SR Ca?* is reduced,
resulting in the creation of a Ca%*-selective pore and the activation of non-specific cationic
TRCP channels through this store-operated mechanism, which generates an inward current
and enables the SR to regulate plasma membrane excitability. G-protein-coupled receptors
(GPCR), such as oxytocin (OT), bind to agonists, which activate phospholipase C (PLC), generate
IP3, contribute to depolarisation, promote Ca?* entry, and boost contractility. The role of these
ion channels is more described in section 1.8.4.

At the endocrine level, there is an increase in the production of prostaglandin, oxytocin, and
their receptors (Brubaker et al., 2016). The growth in myocyte size and myofilament content,
increased excitability of agonists in actin polymerisation. All these mechanisms contribute to the
production of the vigorous contractions required for parturition, during which there will be an
increase in intrauterine pressure which will gradually dilate the uterine cervix and finally expel

the foetus (Arkinstall and Jones, 1990).
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1.2.2 Parturition and labour process

Normal labour is defined as spontaneous activity and a full-term delivery. This means that it has
commenced naturally, remained low risk from onset to delivery with a stable and constant
presentation of the baby (vertex) in a natural birth position. Parturition according to the
literature often implies the physiological procedure which results in delivering the baby from its
mother’s womb, including the placenta, the umbilical cord and the membranes which
accompany it (all the products of conception).

Numerous quantifiable labour parameters are frequently used to measure both physiology and
labour progress including the descent of the presenting part, cervical dilation, uterine
contractions, and maternal and foetal observation records (partograms) (Gould, 2000). The
process of labour is continuous but is marked by the first, the second and the third stage of
parturition. These stages correspond mostly to the cervical and myometrial physiological
modifications during childbirth resulting from biochemical, mechanical, and hormonal
variations (Norwitz et al., 1999). Clinically there is a physiological difference in the duration and
progression of labour from one woman to another, particularly in early parturition (Kominiarek

et al.,2011).

1.2.2.1 First stage

The beginning of uterine contractions until complete cervical dilation marks the first stage of
uterine labour. It usually lasts 8 in women giving birth for the first time and are unlikely to last
over 18 hours. Second and subsequent parturitions last on average 5 hours and are unlikely to
last over 12 hours (Nice 2022). The first stage of labour is typically split into two distinct phases:
the inactive and the active. The inactive phase precedes the active. The cervix becomes soft,
expands by 3 to 4cm, effaced and with irregular uterine contractile activity during the inactive
phase (2-4 contractions per 10 minutes). Immediately after this phase is the active phase, during
which uterine contractions become painful and regular (4-6 contractions per 10 minutes),
lasting until the cervix is fully dilated. The inactive phase lasts longer and may take many hours;
on the other hand, the active phase is shorter. It can last between 2 to 5 hours. During this
phase, the usual cervical dilatation rate is 1 cm / hour (Friedman, 1995). However, this can vary
considerably depending on the type of population, foetal weight, parity, the fetal presenting

part, the type of labour (spontaneous or induced).
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The assessment of all aspects of progress of labour needs to be performed if the delay in the
first stage is suspected; the delay is diagnosed when the cervical dilatation is less than 2cm in 4
hours for first labours and less than 2cm in 4 hours or a slowing in the progress of parturition
for second and subsequent labours. The descent and the rotation of the fetus head is slow and
there are changes in the strength, frequency, and duration of uterine contractions (the
contractile parameters become weak, irregular, and short in duration)

Itisimportant to note that a prolonged inactive labour phase happensin 5to 6.5% of parturient.

The prolongation of this phase presages undesirable results for the mother and the foetus.

1.2.2.2 Second stage

Known as “pushing stage,” this period characterises the second phase of labour. It usually begins
with the complete dilation of the cervix and continues until the baby is delivered. The length of
this stage varies depending on the case. It can last 1 to 2 hours for those who are giving birth for
the first time and 0.5 to 1 hour for women who have already experienced childbirth. This stage
can be divided into two stages: The prelude stage considered as early uninvolved period, which
begins at the time of the complete dilation of the cervix until the descent of the presenting head
of the foetus through the parturient pelvis. The second stage is the dynamic or the expulsion
stage. During this stage, the contractions become expulsive, and the thrust becomes effective.

With epidural analgesia, a second prolonged phase of labour in women who have no experience
of childbirth is characterised by a duration of approximately 2 to 3 hours (ACOG, 2003). For a
nulliparous woman birth would be expected to take place within 3 hours of the start of the
second stage in most women. The delay is suspected if progress (in terms of descent of the
presenting part and/or rotation) is inadequate after 1 hour of second stage. Diagnose delay
when it has lasted 2 hours. For a multiparous woman, birth would be expected to take place
within 2 hours of the start of the second stage in most women. The delay is suspected if progress
(in terms of descent of the presenting part and/or rotation) is inadequate after 30 minutes of
active second stage. Diagnose delay in the second stage when it has lasted 1 hour. If full
dilatation of the cervix has been confirmed in a woman without regional analgesia, but she does

not get an urge to push, further assessment is required after 1 hour (Nice 2022)
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1.2.2.3 Third stage

This is the last stage of labour. It begins from the completed or full neonatal delivery and
continues until full expulsion of the placenta and membranes. Its duration is generally one hour
if it is spontaneous and 5 to 15 minutes if it is manually facilitated. The evacuation of the
placenta is in most cases combined with strong contractions and vaginal haemorrhage. The
usual complication that occurs at this stage is postpartum haemorrhage (PPH). Intervention may
involve appropriate clamping and section of the umbilical cord as well as the administration of

uterotonic products such as oxytocin (Gungorduk et al., 2018).

1.2.3 Hormones involved in pregnancy.

Diverse modifications involving the uterus, the placenta and the foetus regulate pregnancy and
labour. Major prerequisite conditions for a normal labour include changes from uterine
guiescence to an active and regularly contracting state and changes involving the softening of
uterine cervix from a rigid state (Weiss, 2000; Snegovskikh et al., 2006). An acceptable balance
of these changes is essential for a better pregnancy outcome. A hormonal balance shift is
required for the preparation of contractile activity in labour (Rivera et al., 1990; Holt et al.,

2011).

1.2.3.1 Oxytocin

Oxytocin (OT) is a peptide hormone that is produced in the hypothalamus by the pituitary gland.
This hormone attaches to the oxytocin receptor (OTR), a G-protein coupled receptor present in
the uterine muscle (Kimura et al., 1992). When the OTR is activated, the Gaq family G-protein is
stimulated, which activates phospholipase-C B (PLCB). The catalysis of PLC will hydrolyse
phosphatidylinositol biphosphate (PIP,) resulting in the formation of inositol triphosphate (IP3).
In turn the IPs will bind to its receptor located on the SR to stimulate the release of Ca%, causing
more Ca? influx in the cytosol. The action of oxytocin is facilitated by the presence of oxytocin
receptors. The level of OTR is high in pregnant myometrium (Y Ku et al., 1995), and progressively
increases toward the end of pregnancy in preparation for labour (Fuchs et al., 1984) (Arthur et
al., 2007). Oxytocin triggers myometrial contractions directly through the PLC pathway

described above, inducing the release of Ca* from SR (Rivera et al., 1990), and resulting in
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uterine contractions (Strakova et al., 1998). The impact of OT during labour in the presence of

glucose depletion was of interest to this thesis.

1.2.3.2 Oestrogen

Oestrogen plays a crucial part in uterine changes during the initial period of gestation. In mice,
the secretion of oestrogen occurs during the first 2 days of pregnancy. During this phase, the
glandular and luminal epithelial cells proliferate under the activation of pre-ovulatory oestrogen
(Robertshaw et al., 2016). On the third day of gestation, the stromal cells proliferate under the
action of progesterone after the formation of corpora lutea. The process is empowered by the
secretion of oestrogen before implantation. Then, the implantation occurs on day 4 (Huet-
Hudson et al., 1989). The secretion of oestrogen before implantation stops the proliferation of
epithelial cells to allow the differentiation phase (Tan et al., 1999). Skarnes and Harper (1972)
reported that ovariectomy in mice, leads to induction of preterm birth while progesterone
intervention delays labour. In humans, oestrogen along with progesterone are all produced
during the first ten weeks of pregnancy in the corpus luteum. After the implantation, the
placenta takes over. Oestrogen is produced, gradually increases until it reaches its peak in the
last three month of pregnancy, then drops after labour. Oestrogen exerts multiple effects on
smooth muscle vessels by involving genomic mechanism and signalling pathways. These
mechanisms contribute to the reduction of vascular resistance and increment of blood perfusion
in the uterus during gestation. Oestrogen has been involved in the regulation of myometrial

glycogen storage (Chapter 3)

1.2.3.3 Prostaglandins

Prostaglandins are bioactive lipid hormones produced by the decidua, the amnion, and chorionic
membranes from arachidonic acid (AA), facilitated by prostaglandin synthase during pregnancy.
Two forms of prostaglandins are expressed in the myometrium, PGE2 and PGF2a. The
concentration of these hormones has been reported to rise progressively in the later stage of
pregnancy. Vigorous and spontaneous contractions during labour are linked to an upsurge of
PGE2 and PGF2aq, leading to a biochemical process resembling an acute inflammatory reaction
(Brown et al., 1998). The PGE2 receptor subtypes range from EP1 to EP4 and are all detected in
the uterine muscle during gestation (Astle et al., 2005). The contractile activity is the result of

PGE2 binding to either EP1 or EP3 receptors, promoting an inflammatory profile. When PGE2
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binds to EP2 or EP4 receptors, relaxation and repression of inflammation is the result (Brown et
al.,, 1998). This demonstrates the important role that PGE2 plays in keeping the uterus in a
guiescent state during gestation, although the mechanism of action of prostaglandin behind the
above uterine response is not yet well established (Hertelendy & Zakar 2004). The interaction
between prostaglandins and oxytocin has been described by Vane, Williams and Chan.
Prostaglandin inhibitors such as indomethacin reduced myometrial contractions induced by
oxytocin in rats, and blocking prostaglandin biosynthesis reduced the oxytocin-induced
stimulation in the uterine muscle (Vane and Williams 1973, Chan 1983). The ability of oxytocin
to produce arachidonic acid from decidua cells is significantly higher during labour than in non-
labouring or non-pregnant uteri. The oxytocin boosts prostaglandin biosynthesis by activating
phospholipase enzymes, leading to a synergic effect of both oxytocin and prostaglandin (Wilson

et al., 1988).

1.2.3.4 Progesterone

Progesterone plays a key role during gestation. It is a C-21 steroid hormone produced by the
corpus luteum at the beginning of gestation (Garfield and Yallampalli, 1994). In mice, upon
parturition, the level of circulating progesterone falls due to the death of the corpus luteum.
This is not the case in humans during labour (Challis et al., 2000). The administration of
progesterone reduced glycogen levels in all parts of the tract of the uterus (Gregoire et al.,
1967). Additionally, Bowman and Rose results suggest that while oestrogen stimulates the
accumulation of glycogen within the mink uterine tissue during oestrus and gestation,
progesterone promotes the catabolism of glycogen in the uterus, providing the glucose that is
required for early pregnancy’s survival and implantation (Bowman and Rose 2017). In humans,
a few weeks later, the placenta takes over and become the principal source of progesterone
production during pregnancy and labour (Brown et al., 2004). The presence of progesterone in
the system contributes to uterine quiescence during pregnancy (Mesiano, 2007). Progesterone
has been involved in the down regulation of the oxytocin receptors. Progesterone also prevents
the formation of calcium channels. These dispositions contribute to uterine quiescence during
gestation (Garfield et al., 1998). While the catabolic action of progesterone on glycogen is
needed for the survival of the foetus, the anabolic action of oestrogen on glycogen is needed
for sufficient contractile uterine force during parturition. Progesterone has been involved in the
myometrial glycogen storage metabolism (Chapter 3)
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1.2.3.5 Relaxin

Relaxin has been reported to play a crucial function during pregnancy, for implantation, the
development of the placenta, and the quiescence of pregnancy (Napso et al., 2018). It is
considered to be a strong vasodilator and effective in controlling haemodynamics in non-
pregnant and pregnant uteri (Conrad et al., 2004). O'Sullivan et al. suggested that relaxin is
involved in renal function during gestation in mice, as its deficiency resulted in presence of
proteins in the urine (O'Sullivan et al., 2017). Gooi et al. demonstrated that in mice, the uterine
vessels become stiffer during gestation when relaxin is deficient (Gooi et al., 2013). Additionally,
the level of circulating relaxin increased towards term in mice and other rodents (Marshall et
al., 2018) and promoted blood flow. The deficiency in relaxin signalling in mice led to the
increase of obstruction of delivery rate because of poor cervix ripping (Kaftanovskaya et al.,
2015). In rats, injection of relaxin on the 15th day of pregnancy considerably increased uterine
myometrial weight and glycogen levels in the non-pregnant horn. The rat had one pregnant horn
and one non-pregnant horn. These data indicate that relaxin might be involved in the regulation

and storage of glycogen in the myometrium in later gestation (Vasilenko et al., 1981).
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1.2.4 The Scientific basis of labour

1.2.4.1 The mechanisms of parturition based on the endocrine mechanisms and
progesterone withdrawal.

Animal models have been beneficial in investigating signaling pathways particularly endocrine
or paracrine system determining the initiation of pre term or term labour. Based mostly on
animal models that show a rapid progesterone withdrawal from the maternal circulatory system
prior to labour, several researchers have preferred splitting uterine activity throughout
gestation into three distinct stages: 1) uterine quiescence, which lasts almost the all duration of
the pregnancy and is characterised by the uterus remaining moderately quiet and unresponsive
to impulse; 2) uterine activation. During this phase, the uterus changes from a quiescent state
to be able to respond to contractile stimuli and 3) The stimulation phase, which is characterised
by vigorous contractions followed by delivery (Challis et al.,2000;Challis and Lye 1994 ). In
summary, the findings show that oestrogen raises the expression of genes related with uterine
activity whereas progesterone suppresses these genes while stimulating genes associated with
uterine relaxation.

Animal models do not adequately portray the complexities of the physiological processes that
govern uterine contractility in pregnant people. Early parturition research examined hormonal
pathways by evaluating hormone concentrations in several fluid compartments, primarily the
maternal serum. It has recently been shown that the uterine tissue has highly organised
mechanisms for producing and metabolising a wide range of hormones. In most animal species
progesterone has been recognised as the primary progestational hormone.

The use of animal models (rabbit and rat ) gave birth to Csapo and others' (Capso and Wiest
1969) "progesterone block" idea. It was shown that progesterone withdrawal from the maternal
serum was both essential to trigger the cervical and uterine alterations that resulted in labour
(Fig.1.5).

Parturition was produced by surgical or pharmacological progesterone antagonism, which was
stopped by progesterone supplementation, and this caused also the delay of natural birth.
Progesterone, according to this idea, improves uterine quiescence through the stimulation of
relaxant avenues and inhibiting stimulatory pathways. In animal models Parturition happens
only after progesterone withdrawal.

However, arguably the most worrisome aspect of the progesterone blockade theory is that

parturition occurs in women despite extraordinarily high and stable or growing progesterone
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levels in the maternal serum (Boroditsky et al.,1978). Researchers have trying to prove the
veracity of progesterone withdrawal but only one non verified study (Turnbull et al.,1974) was
able to bring evidence of a fall in maternal progesterone before parturition. Despite the stable
or increasing levels of progesterone in maternal serum, several research groups are still hunting
the theory of "functional" progesterone withdrawal to explain the possibility that there might
be a withdrawal of progesterone before labour.

To achieve functional progesterone withdrawal, four basic mechanisms have been suggested
(Table 1).

1.The first thought, with strong evidence which exists, is the "paracrine hypothesis." According
to this theory, the foetal membranes and the maternal decidua are responsible for the
production and the regulation of progesterone levels in the myometrium. Other potentially
essential hormones involved in parturition and produced by this intrauterine network include
endothelin, oxytocin, prostaglandin, prostacyclin and nitric oxide (Olson et al.,1993; Camero et
al.,1995).

That is the reason many researchers now consider that uterine contractility are regulated by
this paracrine interactions and that these mechanisms could be more essential in humans than
the hormone regulating pathways that dominate in the majority of animal.

2. The second mechanism of functional progesterone withdrawal is linked to the expression of
progesterone receptor (PR) isoforms. In both animal and human uteri ,PR-A mRNA tends to rise
dramatically at term before the onset of labour but PR-B remains steady or increases very
modestly (Fanx et al.,200; Mesiano et al.,2002). Recent data reveals that this is also true at the
protein level in humans (Merlino et al.,2007). The prospect of changing the PR-A:PR-B ratio to
induce functional progesterone withdrawal has received a lot of interest.

3.A third proposed theory of progesterone withdrawal involves progesterone metabolites. The
placenta, the membranes, and maternal decidua can metabolise progesterone into a wide range
of metabolites. These metabolites have stronger relaxing action on the myometrium than
progesterone (Perusquia 2001; Mitchel et al.,2005) and may thus play an essential role in
“blocking progesterone" in pregnant women. These metabolites might also hinder the binding
of progesterone to PR-B; however, this has never been shown experimentally.

4. A fourth possible site of regulation for progesterone activity can take place at the post
receptor level, involving other transcription elements or transcriptional coregulators. A

reduction in a key element in PR-B-mediated actions, or a rise in a factor that blocked PR-B's
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efficacy, might result in progesterone withdrawal (Condon et al.,2003). Additionally, direct
exchanges between PR and some other transcription factors like nuclear factor (NF)-B could
alter myometrial contractility, however there is little agreement on the function these

mentioned factors may play during labour (Mendelson 2009).

1.2.4.2 The regulation of labour based on the immune systems.

Labour, whether term or preterm, has long been recognised as an inflammatory process (Liggins
1981). Recent studies have focused on the link between labour and the immune system. Many
recent reviews have addressed this (Keelan et al.,2003; Orsi and Tribe 2009). Despite this, this
link is still poorly understood. When it comes to this connection, there are two critical factors to
consider.

1.The first point to make is the difference between evidence of correlation and evidence of a
cause-and-effect link.

2.The distinction between infection and an inflammatory response is the second, and possibly
more essential, point. Significant intrauterine infection can result in premature birth, according
to clear evidence (Goldenberg et al.,2000). Still, in this case, prompt delivery is advised, and
parturition delay is not an option. This opposes "spontaneous" premature delivery when
gestational prolongation may be favourable but prove for an immune system feedback is
unclear.

The inflammatory response may play a significant role in parturition. Studies by Romero
(Romero et al.,1992; Romero et al.,1993) and colleagues documented proinflammatory cytokine
concentrations in women's amniotic fluid, in the presence or absence of positive amniotic fluid
bacterial cultures in term or preterm pregnancy and discovered that the levels of Interleukin
(IL)-1 were unusually high in women with preterm labour and negative cultures .Concentrations
at term increased considerably (3- to 4-fold) with the commencement of labour (Opsjon et
al.,1993)Additionally, in the presence of a positive culture, the concentrations increased
fourfold more (Romero et al.,1992).

These findings significantly support the idea that parturition is accompanied by an inflammatory
process. In the absence of infection, this process is of moderate proportion in usual term labour
or spontaneous premature labour but in case there is intrauterine infection, the

proinflammatory reaction is much heightened (Mitchell and Taggart 2009)

41



The study by Romero et al. highlights the syndrome's complex character and the probable
participation of the immune system. However, one significant disadvantage of the cause-and-
effect role of supernatural infection in this case is the fairly restricted ability of antimicrobial
treatments to delay birth (Romero et al.,1992).

In the absence of premature ruptured membranes, a current metaanalysis of several
randomised controlled studies assessing the efficacy of antibiotics used for spontaneous
preterm labour, found no substantial maternal or fetal advantages (Hutzal et al.,2008).
Conversely, antimicrobial treatment, could extend pregnancy and help newborns up to 30% of
cases of premature labour that follow membrane rupture, where there is better prove for a role
of bacterial engagement (Goldenberg et al.,2008; Sheenan and Chandiramani 2008).

The findings were mixed, with many favourable and some negative outcomes. Among the most
rational results in recent investigations studying processes of labour, is an increased expression
of immune-related genes (Breuiller-Fouche et al.,2007).

In conclusion, these findings confirm the link between immune system and parturition and give
some ambiguous evidence for the cause-and-effect link. Numerous animal experiments were
conducted to investigate a possible cause-effect link between the immune system
(proinflammatory effect) and labour. The evaluation of these studies necessitates a particulier
focus to the second point raised above: the contrast between an inflammatory process and
infection. This difference is difficult to make. In normal pregnancies, many commensal microbes
often occupy the lower genital tract. Inflammatory responses occur in almost every episode of
labour. Aside from the existence of clinical sighs manifestations of infection, it is sometimes
difficult to distinguish between the physiological and pathophysiological environments (Mitchell

and Taggart 2009)

1.2.4.3 Processes contributing to the last phase of labour.

The generation of uterine contractions and the cervical ripening constitute two crucial processes
contributing to the last phase of labour and fetal expulsion. The first, relates to the modulation
of uterine myocyte mechanisms, as well as pathways known to be vital in controlling uterine
contractions. The second, involves the cellular machineries that transforms the rigid state of the
cervix of early pregnancy into soft state that may be dilated to let the fetus to pass through the

birth canal (Mitchell and Taggart 2009)
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1. The generation of uterine contractions

In all species, myometrial contractile effort is intermittent and results from instinctive action
potentials caused by instable membrane potential. This was measured in vitro in different
species including humans, rats, rabbits, mice, and guinea pigs. The diverging ion channel
expression or biophysical characteristics contribute to the configurational changes between
species, It is widely assumed that their role is to increase intracellular Ca?*, which is required for

contractile stimulation (Well illustrated in section 1.7.3).

2. Cervical ripening

One of the most noteworthy occurrences in the parturition process is the morphological change
of the cervix. This is a hard cylindrical structure that measures 4 -7 cm in length during most of
pregnancy in human. The cervical canal is basically closed during the first pregnancy. It may be
fairly shorter and around 1cm in diameter in pregnant women who had a vaginal birth before.
The cervix's stiffness is partly attributable to its high collagen concentration. During late
pregnancy, this stiff organ softens and becomes more distensible, a process known as cervical
ripening. The cervix will totally undergo an effacement and dilatation during labour to allow the
baby and the placenta to pass. The first cervical ripening research directed its attention to the
alterations in conjunctive tissues (Danforth et al.,,1960, Leppert 1995). The majority of
researchers followed the same trend that have dominated contractility research: the
involvement of progesterone and the immune system. Once again, rats and mice have been the
most widely utilised animal models.During the ripening process, Matrix metalloproteinases
(MMP) expression and activity increase around the time of parturition, resulting in gradual
breakdown of the collagen pattern of the cervix and an increase in water content, hyaluronan
and glycosaminoglycan concentrations (Uldbjerg et al.,1983; Granstrom et al.,1989). The local
alterations in collagen, suggestive of cervical ripening after labour have been confirmed recently
in the rats by the use of light-induced autofluorescence (LIF) measurements using a
Collascope(Maul 2006). The cervical softening in mice occurs in mid-pregnancy, around
gestational day 10-12 (Buhimshi et al.,2004). However, in the last two days of pregnancy, there
is an accelerated phase known as cervical ripening.

The latter occurrence is followed by an invasion of cervical matrix by immune cells, mainly
neutrophils (Xu et al.,2008). Intrauterine administration of LPS (Lipopolysaccharides)causes a

comparable entry of neutrophils into the cervix, which may be avoided by pretreatment with a
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synthetic progestagen (Yellon et al.,2008). Although it is unsurprising that a powerful
inflammatory stimulation like LPS generates an entry of inflammatory cells into a neighbouring
tissue, the findings revealed that there is a cause-and-effect relationship between inflammatory
cells and cervical softening. In pregnant women, labour activity is escorted by an invasion of pro-

inflammatory cells into the cervical matrix (Norman 2007).

1.2.4.4 Human aspect of parturition.
1. Progesterone withdrawal

The corpus luteum is the first location of progesterone synthesis in humans during pregnancy.
Nevertheless, by five to six weeks following fertilisation, the placenta becomes the primary
supplier of the exceptionally high production progesterone. Abortion can occur if the corpus
luteum is removed before the "luteal-placental shift" stage (Csapo et al.,1973). The role of
progesterone in the remaining stages of pregnancy is unknown.

Several studies conducted in large numbers of pregnant women indicate that in the maternal
blood there is neither a decrease in progesterone nor a substantial increase in oestrogen at the
time of parturition (Boroditsky et al.,1978). However, studies using rabbits, rats, and sheep
established a vital function for progesterone signaling in the timing of labour.

This left a profound impact for researchers, leading to the already stated idea of functional
progesterone withdrawal. In human, the role of progesterone during gestation is still a mystery
that needs to be solved.

Several clinical trials have been conducted to investigate the possible effect of progesterone
supplementation in the prevention of human preterm birth. Unfortunately, there is no
statistically significant evidence of a better result with progesterone medication to prolong
pregnancy. More research is being conducted, however progesterone therapy in women during
pregnancy is unlikely to give a generally relevant tocolytic or preventive therapy (Mitchell and
Taggart 2009)

2. Immune system

There is substantial prove of increased PGHS-2 expression and production of prostaglandin in
the pregnant uterus when parturition is approaching mostly from foetal membranes and
maternal decidua (Olson 1983). Their importance during labour, however, is unknown.

In animal, investigations have demonstrated that PGF2 produced by the endometrium plays a

capital role in inducing luteolysis followed by progesterone withdrawal, resulting in labour.
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However, in animals or humans the evidence of PGs contractile effect on myometrium is
minimal (Rocca and Wehner 2009).

It also looks evident that the activation of PGHS is a significant component of the immunological
reaction that takes place during labour, and it is likely that PG products are essential in regulating
the immune system's effects on the parturition. One of the possible ways, which has some
empirical support, is activation of myometrial gap junction production which allows for the rapid
and effective spread of electrical currents through the myometrium to promote the vigorous
and harmonious contractions typical of active labour (Garfield 1980).

In animal models where the corpus luteum is required for gestation, an immunological reaction,
either it is triggered by infection or other impulses, might result in the production of PGF2,
followed by luteolysis and parturition.

However, there is currently little evidence that this process is operational or physiologically
significant in mammals where progesterone is primarily synthesised precisely in the placenta.
This implies that the placenta should be the primary source of progesterone throughout
gestation in an animal model of human labour. Unlike in progesterone-dependent mammal
models, where antiprogestins terminate pregnancy at any time, there is comparatively little
evidence on the impacts of antiprogestins during human gestation. Some evidence suggests that
antiprogestins, while incapable of causing abortion on their own, stimulate cervix ripening and
enhance sensitivity to uterine contractility by prostaglandins during induced abortions in the

second trimester of human pregnancy (Thong and Baird 1992).

3. Cervical ripening

A review of clinical trials revealed that the antiprogesterone RU-486 doubled the rate of cervical
softening and spontaneous delivery in term women within 48 hours (Nelson 2000).
Additionally, it has been shown that RU-486 needs substantially less OT to induce labour in term
women when compared to placebo (Frydman 1992). Consequently, functional progesterone
withdrawal whether pharmacologically induced or not may contribute to cervical ripening and

boosting uterine sensitivity to contractile stimuli.

In view of this, it is worth noting that any benefits of progesterone-based treatment to delay
preterm parturition may dwell not in tocolysis per se, but in stopping the shortening and

ripening of the cervix, possibly through anti-inflammatory effects (Xu et al.,2008). Much
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research has been conducted to examine the presence of contraction-associated proteins in the
myometrium of pregnant women in late pregnancy, with varying and contradictory outcomes.
They found peptide and estrogen-stimulated OT mRNA synthesis in decidua, with indications
that production rate rise at the onset of labour (Chibbar et al.,1986; Chibbar et al.,1995).

Some researchers discovered that OTR concentrations in the decidua and myometrium rose
before labour begins (Fuchs 1982), whilst others discovered that they did not change (Havelock
et al.,2005) or were lowered (Phaneuf et al.,1998). Several studies have shown that
proinflammatory cytokines enhance (Terzidou et al.,2006) or reduce (Schmid et al.,2001) the
OTR gene expression in myocytes using in vitro methods. In some studies (Brodt and Myatt
1999), but not all (Grigsby et al.,2006), the FP receptor appears to drop throughout pregnancy
and subsequently increase approaching labour.

Recent studies have used microarray methods to evaluate changes in the uterus after
parturition. Data collected by this technology, as well as the enormous bio-informatical
complexity connected with it, have offered only a restricted understanding of the physiology of
labour.

Cervical ripening is an essential clinical phenomenon in human parturition. In preterm
individuals with a history of premature labour, ultrasound examination of increasing cervical
shortening is a good predictor of preterm labour onset (Crane and Hutchens 2008).

Any cervical failure to adequately ripen is a usual reason of unsuccessful vaginal birth, especially
when induction of labour before term is recommended by the fetus's or mother's medical
condition. Local administration of prostaglandin E or its analogue (Calder et al.,1977; Denison et
al.,1999) is the most widely utilised drug to ripen the cervix. The mode of action is thought to
be activation of MMP action or increased permeability of the cervical vasculature, allowing
inflammatory cells to enter (Goshowaki et al.,1988). The human cervix, like the fundus,
experiences an entry of neutrophils, during cervical ripening (Kelly 2002). These cells are most

likely precursors of proinflammatory ILs and MMPs that aid in cervix redesigning (Leppert 1995)
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1.2.4.5 The advantages and disadvantages of presently used animal models.

1. Sheep.

Liggins and others' pioneering investigations revealed the intriguing nuances of parturition
control in this species. Progesterone is required for the maintenance of ovine pregnancy. The
placenta is the primary fountain of progesterone, and the process governing progesterone
withdrawal is quite complex yet intriguing. (Liggins 1981)

The fetus in sheep plays a vital function in the endocrine systems that govern the time of
parturition. P450C17, a steroidogenic enzyme found in the placenta. The placenta uses this
enzyme to convert progesterone to oestrogen. As a result, as progesterone is metabolised, the
levels of maternal progesterone plummet and oestrogen concentrations rise.

One of the advantages of the sheep model for studies is the size of this animal. It allows
instrumentation of the mother and its fetus during the late portion of pregnancy. This makes
longitudinal sampling easier, which is required to quantify changes in physiology and investigate
their control when parturition approaches. The ovine model, on the other hand, appears to have
two main differences from the human model, limiting its use for parturition research. The first
is its reliance on progesterone withdrawal. The second is the fetus' important function, which

does not appear to be relevant in human gestation (Mitchell and Taggart 2009)

The ovine model will always be useful in understanding the control of fetal development during

gestation but has some limitations in studying parturition in humans.

2. Mice, rats, and rabbits

These animal models differ from sheep in 2 major respects.1. Progesterone is generated by the
corpora lutea during gestation rather than the placenta in all of these models. However,
progesterone withdrawal is still required and adequate to induce labour.2. The fetus does not
appear to be overriding.

The withdrawal of progesterone is caused by luteolysis, which is caused by the activities of PGF2
generated from the endometrium. Antiprogestins can cause preterm birth in all of these
animals, and supplementary progesterone can prevent it (Chwalisz and Garfield 1994). The
initial "progesterone block" notion was mostly backed by rabbit data (Mitchell and Taggart

2009). Rats and mice have recently become the most widely utilised.
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Numerous categories of rats have been used in labour research. Some similarities have been
noticed between the rat and humans with regard to particles that are upregulated (Eg.Cx43) or
downregulated in uterine contractility (Arthur et al.,2008).

The main benefits of this approach are the comparatively short pregnancy time, affordable cost,
and a proven way for inducing premature labour. Apart from progesterone, oestrogen appears
to play an important role in parturition timing, since therapy with an oestrogen receptor
antagonist delays labour by one day and could induce relative fetal development limitation
(Fang at al.,1996).

Due to the absence of PGF2's luteolytic impact, FP receptor disruption resulted in extended
gestation (Sugimoto et al.,1997). These animals delivered properly after ovariectomy, indicating
that PGF2 was required for luteolysis and not for the ensuing procedure of labour.

These animal models have also been used to explore cervical ripening. In the rabbit, for example,
vaginal administration of indomethacin extended RU-induced premature labour and decreased
cervico-vaginal MMP action (Fortson et al.,2006). LPS-induced delivery and cervical expansion
have been decreased in very limited trials by the possible antibacterial or anti-inflammatory
activities of a recombinant human lactoferrin administered cervically (Hasegawa et al.,2005).
The rat has also been employed in a few studies to investigate the modulation of cervical
alterations before to parturition (Chwalisz 1994; Wentz et al.,2007). Gene disruption
experiments in mice revealed an intriguing aspect of cervical readiness for labour in mouse.
Knocking down the gene encoding the steroidogenic enzyme 5-reductase isoform 1 resulted in
a phenotype with prolonged and impaired labour due to failure of cervical dilatation
(Mahendroo et al.,1999). This suggested the implication of this enzyme in the cervical ripening
mechanisms, however it is unclear if this represents an vital metabolic way to lower the level of
local progesterone or a direct involvement for 5-reduced steroids during cervical ripening. A

natural occurrence of this condition in human pregnancy has not been seen.

In conclusion, genetic alteration of the mouse model has proven the relevance of certain
putative pathways in parturition studies while casting uncertainty on others. Conversely, like
with all of these animal models, labour procedure's reliance on progesterone withdrawal limits
its applicability to human labour’s activity. The gene interruptions focusing on luteolysis control

will probably have minimal significance to parturition in human. Likewise, genetic alterations
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that change LPS or E. coli responses might or might not yield relevant data about the
spontaneous premature labour in human.

Finally, given the significance of parturition, numerous modular pathways are expected to have
evolved to govern the process, and single disruptions of gene could therefore offer facts without
a system’s framework. The sustained method of gene disruption will certainly provide significant
information concerning potential roles of specific genes in certain situations, but it is probable
to offer only partial information relevant to the general physiological pathways that control

parturition in primate (Mitchel and Taggart 2009)

3. Higher order primates

Higher order primates continue to be the very close to humans in terms of pregnancy in a variety
of aspects, including a shorter duration of pregnancy than rodents, a lack of progesterone
withdrawal, the shape of the uterus(unicornuate) and electromyographic activity (Germain et
al.,1982). As a result, they are still utilised in vivo research, notably to measure uterine electrical
activity (Sadowsky et al.,2000), the parturient feedback to inflammatory cytokines or bacterial
agents (Baggia et al.,1996; Sadowsky et al.,2000) and the tocolytic impact of novel medications
(Reinheimer and Barusiban 2007),

The expense of such research is high and is regarded unaffordable by several grant-awarding
authorities. Currently, such work is only available to a few academics at certain universities.
Research groups require access to more practical affordable alternative tissue sources for most
of experimental studies, which has prompted the development of non-primate models of

parturition and premature labour.

1.2.4.6 Theoretical contrast between human and animal models
Based on the preceding research, it was argued that there are two main theoretical flaws in

commonly employed mammal models. The first is about critical progesterone withdrawal in
these models but not in humans. The second is concerned with the chronological timing of the
uterine activation procedure.

Progesterone withdrawal.

Parturition is the ultimate consequence of a seemingly linear sequence of physiological
processes in all of the mammal models mentioned in the preceding sections (except for

primates). Depending on the model, this may entail the onset of luteolysis or a shift in the aspect
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of placental steroidogenesis, subsequently a considerable withdrawal of progesterone from the
maternal blood (Fig. 1.5).

In contrast, the excellent data shows that progesterone from maternal serum has a little task in
parturition process in human. Even though there could be some "functional progesterone
withdrawal," as noted above, it looks like this is neither adequate nor, in fact, required for

human parturition.
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Figure.1.5 Maternal serum progesterone levels through pregnancy. Abrupt
progesterone withdrawal is noticed from the maternal circulation before labour in
most experimental animals. In contrast, only in guinea pig and human the levels of
progesterone remained high and increasing throughout parturition (Mitchell and
Taggart 2009)

1.2.4.7 Guinea Pig

1. Recommendation of the Guinea Pig as best animal model for human parturition studies

The following are the conditions for a better animal model. 1) Progesterone should be primarily
synthesised in the placenta. Besides, withdrawal of progesterone from the maternal blood
should not be the primary inducer of labour. 2) The change from uterine quiescence to
activation should take place over a long enough period of time to allow for longitudinal
evaluation of the characteristics and improvement of the physiological systems concerned. The

normal incidence of spontaneous premature birth would corroborate the model's human
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likeness.3) The animal's size must allow for longitudinal collection of hormonal measures in the
same animals during pregnancy and labour. 4) The model's cost, which includes the buying price,
maintenance costs, ease of time-mated breeding and testing costs, among other things, must
allow for the collection of animal tissues at different time points during pregnancy in order to
explore the physiological and biochemical phenomenon regulating normal labour. This issue is
also vital for the creation of appropriate experimental models for preterm delivery. The guinea
pig meets these characteristics better than current animal models, and this model ought to be

investigated further. (Mitchel and Taggart 2009)

2. Progesterone levels in the guinea pig.

The guinea pig's resemblance to the human in terms of maternal blood progesterone
concentrations in late gestation is perhaps its most significant benefit. In the guinea pig
parturition happens when maternal progesterone levels are high and increasing (Fig. 1.5)
(Challis 1971).The main supplier of progesterone during the first 4 weeks after conception is the
ovary, then the placenta takes over for the rest of the gestation (Heap and Deanesley 1966).
This luteoplacental change is strikingly analogous to human pregnancy (Csapo and Pulkkinen
1978). Luteal progesterone production seems to decrease after days 35-40 in the guinea pig,
then accompanied by a considerable drop in serum progesterone level, with a nadir of 75-200
ng/ml taking place at days 50-55 (Rodriguez et al.,2003).

Following that, there is significant debate over the pattern of progesterone levels. According to
one research, progesterone from placenta keeps on rising, resulting in higher maternal plasma
levels over the following two weeks until parturition (Challis 1971); however, other studies show
no substantial variation in maternal progesterone levels in the final two weeks of pregnancy
(Alexandrova 1980). At parturition, maternal progesterone levels are 150-300 ng/ml, which is
comparable to human pregnancy (Boroditsky et al.,1978). In the rat, maternal plasma
progesterone concentrations peak at 100-150 ng/ml at the middle of pregnancy before
dropping to 10 ng/ml during the next 2-3 days before parturition (Fuchs 1978). In mice, the trend
is similar, but that peak levels are only 80 ng/ml (Virgo and Ballward 1974).

In rabbits and sheep, the levels peak at 10-20 ng/ml before quickly declining in the days before
labour (Fuchs 1978). Large dosages of progesterone or progestins did not extend gestation in

the guinea pig, as they did in the rabbit and rat (Schofield 1961).
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Porter and colleagues conducted a large number of studies using different doses and routes of
injection(intramuscular, intra-amniotic, intrauterine), and times of administration of
progesterone or its analogues and found no important changes in uterine contractility or
gestational length. The study concluded that in the guinea pig progesterone does not act as a
myometrial blocker (Porter 1970)

Given the absence of prove for maternal blood progesterone withdrawal close to term or any
influence of external progesterone on guinea pig pregnancy duration, the impacts of
progesterone antagonist treatment are of great interest. These trials used mifepristone (RU-
486). This product has antiprogestin and antiglucocorticoid action. In addition onapristone (ZK-
98299) was used ,which is exclusively antiprogestin. Abortion occurs often when the corpora
lutea is removed before day 28 of a guinea pig gestation, as it does in humans (Csapo et
al.,1973).

These parallels between the two species support the idea that changes in progesterone- and
OT-dependent signaling mechanisms have distinct but presumably consistent and modular
effects during parturition. Although altered progesterone signaling may contribute to cervical
ripening, OT as contractile agent is required to expel the fetus in a physiologically effective way.
As previously stated, functional progesterone withdrawal could happen in primates and may
potentially occur in the guinea pig (Welsh et al.,2009). It is also worth noting that if progesterone
signaling is relevant in many species, probably, it will work in tandem with many other hormonal

systems, such as oestrogen, CRH, and OT (Hang et al.,2008).

3. The length of pregnancy period in the guinea pig.

Goy et al. (89) meticulously chronicled the guinea pig's normal pregnancy development. The
gestation period of this species is 67 days along with a standard variation of 1.5 days. The
duration of pregnancy and pup birth weight change inversely with the quantity or number of
fetuses, much as they do in humans. In guinea pigs, around 7-8% of pregnancies end in
"premature" delivery of a live born pup which does not survive. Additionally, this mortality rate
increases with litter size (Manjeli et al.,1998). These reproductive characteristics are quite
similar to the human case, where the 5% rate of spontaneous (non-iatrogenic) premature
delivery (37 weeks of gestation) increases with increasing multiple pregnancies (Goldenberg et

al.,2008).
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In contrast, as mentioned previously, spontaneous delivery before fetal viability (thus
"preterm") is an extremely rare occurrence in animal that depend on progesterone withdrawal
for labouring activity. The very widespread incidence of "preterm" birth in the guinea pig shows
that, like in humans, the timing of labour is not nearly as finely regulated as in commonly
regulated parturition models.

The guinea pig could give a good model of the MAPS notion of the progression of labour, which
might be a significant step forward in comprehending the control of human labour and birth
timing.

4. Other possible benefits of the use of guinea pig.

Despite the fact that other species have recently taken primacy as laboratory models of
parturition, the guinea pig has a long history of making significant input to our understanding of
uterine function (Karsdon et al.,2005). These include early microelectrode recordings of
myometrial action potentials, myometrial gap junctional channel maturation, upregulation of L-
type Ca®* entry molecular pathways, G protein-coupled signaling mechanisms, and Ca**
mobilisations from intracellular stores, as well as recent multiplex recordings of uterine
electrical activity preceding labour onset and gene network analysis (Collins et al.,2000; Weiner
et al.,2006).

Surprisingly few investigations have been conducted on the involvement of the immune system
in guinea pigs labour process. Transcervical, extra-amniotic injection of LPS, TNF-, or IL-1 at mid-
gestation or preterm induced labour within 24 - 48 h, which was considerably hampered by the
indomethacin, a common prostaglandin synthesis inhibitor (Bokowsky et al.,1993). Activation of
MAST cells in sensitised guinea pigs, either in vivo or in vitro, enhanced cervical and uterine
contraction via a method facilitated by the histamine H1 receptor (Bytautiene et al.,2008).
Only a few research have looked at the functions of progesterone and the immune system in
terms of cervical ripening in the guinea pig, as they have in humans. Chwalisz and colleagues
discovered that an antiprogestin or the use of IL-1, IL-8, or TNF- may trigger cervical ripening.
Other characteristics of the guinea pig make it a suitable laboratory species for parturition and
gestational issues in global, not only premature labour. (Chwalisz etal.,1994) Dystocic labour,
for example, is a typical characteristic of pregnant guinea pigs older than 7 months (North 1999),
a condition that complicates up to 20% of labours in human and is a substantial contributor to

emergency caesarean section incidence (Bugg et al.,2006).
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Another resemblance between these two species is the considerable steroid synthesis and
metabolism inside the fetal membranes.

These activators may have a major impact on uterine steroid levels and, as a result, uterine
muscle contractile activity. The chorion and decidua in both species have sulfohydrolase action
for estrone sulphate and synthesise increasing levels of estradiol after parturition (Mitchell and
Wong 1993). Both species also have 17-hydroxysteroid dehydrogenase activity, which
transforms estrone and estradiol and could participate in controlling oestrogen bioactivity in the
uterus. Guinea pigs and human are also capable of reducing progesterone to reduced
metabolites (Glasier et al.,1994).

Furthermore, there are similarities between humans and guinea pigs in terms of placentation
and infant maturity. Both of these may be substantial benefits for using the guinea pig in
perinatal investigations over other mammals.

This trait could be especially essential in preterm labour, implying that a premature birth model
could be relevant for both processes of labour and experiments of neonatal treatment and
results. The guinea pig, like humans, has a haemomonochorial form of placentation. In this
paradigm, investigations of nutritional exchange between placenta and fetus may be more
relevant (Sibley et al.,1982). These qualities imply that the model might be beneficial for
research into the genesis of health and disease. Analysis in late pregnant guinea pigs show
spontaneous development of preeclampsia, a disease characterised by malfunction at the
placental-decidual interface (Manning et al.,1984).

The newborn guinea pig is also at a developed level of maturity, like the human neonate but
different from other animal models (Carter 2007). Guinea pigs may be excellent models for
developmental and reproductive toxicity investigations due to these qualities (Rocca and
Weihner 2009). As a result, the model would be especially appealing for evaluating any potential

medical drug created to prevent or stop premature labour.
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Animal models used for labour.

Characteristics Rabbit Sheep Rat Mouse Guinea pig Human
Gestation days 3243 1474 2241 2011 6713 266114
Actual Inter size no. 84 12 106 1045 312 1
Placental morphology Hemodichorial  Epithelial Chorial Hemotrichorial Hemotrichorial Hemomonochorial Hemomonochorial
Labyrinthine Cotyledonary Labyrinthine  Labyrinthine  Labyrinthine, discoid Villous, discoid

Source of progesterone Corpus luteum Corpus luteum  Corpus luteum  Corpus luteum  Corpus luteum

Then placenta Then placenta
Progesterone Withdrawal?  Yes Yes Yes Yes Partial at days 40-50
Not at parturition

Induction of preterm birth ~ Antiprogestin Fetal ACTH  Antiprogestin Antiprogestin Antiprogestin plus
Ovariectomy glucocorticoid Ovariectomy  Ovariectomy Oxytocin

Antiprogestin LPS

Corpus luteum,
Then placenta

No

Cervical ripening
PGE, or
antiprogestin)

plus oxytocin

Table 1. Reproductive features of animal models compared to human model. There are

similarities between Guinea pig and Human (Mitchell and Taggart 2009)

1.2.4.8 Implication

In view of the above, it transpires that over the previous decades, there has been regrettably
little progress in understanding the processes that lead to spontaneous premature birth and
term birth. It transpires that presently popular animal models will continue to be valuable in
finding potential parturition regulating processes. Nevertheless, these models are restricted in
terms of translation since they rely on parturition being initiated by hormonal changes that
humans do not share. The literature suggests three important physiological aspects that should

impact the choice of a more appropriate animal model for human labour (Mitchell and Taggart

2009).

1) It is improbable that the time of human parturition is influenced by a linear series of

mechanisms resulting in maternal progesterone withdrawal. This is a significant shortcoming in

current common animal models (mice, rats, rabbits, and sheep).
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2) The notion generated from these models of a simple "trigger" mechanism that commences
the cycle leading to progesterone withdrawal is probably incorrect for humans. Parturition in
human takes place when many physiological elements work together to change the uterine
state from quiescent to contractile. When a threshold number of components are triggered
early, preterm labour ensues.

3) Parturition is accompanied with an immune system pro-inflammatory response. When there
is no intrauterine infection, it is critical to clarify whether this is just an association link or a
causative correlation. If the latter, it is necessary to identify which is the source and which is the
result.

After thorough examination on the strengths and shortcomings of actual animal models, it was
concluded that the guinea pig comes the closest to matching these criteria. Though there is
scant information about its reproductive systems, it appears to be very similar to humans. The
authors also believe that the guinea pig would be ideal for other studies on gestational
implications on fetal growth and development. Additional definition of this model is necessary,
and that the results will give a better comprehension of the systems that govern fetal
development and birth timing.

A basic component of this philosophy is the choice of the optimal animal species to solve the
specific biological topic under investigation. Even though guinea pig physiology is not similar to
human physiology, data suggests that it is the best model of labour for translational effect to
the human environment. Reviving the research that use this model in tandem with human tissue
investigations might improve knowledge of the processes driving parturition. This would
represent a substantial advancement in physiological understanding as well as enormous
advantages to general human health.

Due to unavailability of guinea pig and cost reason, the only alternative animal tissue source for

my experimental work was mouse.
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1.2.4.9 The usefulness of the mouse uterus.

The mouse is a much-used model for studying general physiology, including parturition. Much
of the knowledge of the mechanism of uterine contractions comes from research conducted in
animals such as mice (Carter, 2020). There are several advantages to studying animal uterine
tissue during pregnancy over human uterine tissue, which can only be obtained during a
caesarean section or uterine removal. Consequently, most of studies conducted on the human
myometrial tissue come from elective (not-in-labour) caesarean sections, because it is
extremely difficult to obtain laboratory samples from a woman in labour. Animal myometrial
tissue can be obtained at different gestational ages and studies can also be conducted directly
in vivo (Tribe, 2001). In this study, the experiments were first conducted on mouse, and then on
human myometria, since the excitation-contraction (EC) coupling in the mouse myometrium is
similar to that in humans (Matthew et al., 2004a). Mouse and human smooth muscles have
similar ion channels, and all need the L-type calcium channel and proteins that control ionic
balance e.g., exchangers and transporters. They both express proteins and hormones associated
with uterine contractions, such as prostaglandin and oxytocin (Ratajkzak and Muglia 2008; Cook
et al., 2000).

Mammalian species including rodents have different forms of uterus from the pear-shaped,
single cavity structure of the human uterus, illustrated above (Figure 1.5). The mouse has a
duplex uterus with 2 chambers which also allows more readily for several progeny (Croy et al.,
2014). It is made up of 2 horns joined at the bottom by the cervix and running upwards into the
ovaries. Despite this morphological difference, there are similarities between the structure of
the uterine layers of the mouse and that of the human. They both have the inner endometrium,
the central myometrium and the outer perimetrium or serosa. The mouse myometrium is made
of circular and longitudinal layers separated by a vascular layer that contains blood vessels. The
uterine artery provides blood to the uterus and gives ramifications through the myometrium
and expends to the arcuate arteries following by radial and spiral arteries. The size of the uterine
artery increases significantly during pregnancy in human and mice species (K. Griendling et al.,

1985, Palmer et al., 1992).
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Figure 1.6. Anatomical structure of mouse uterus (Basic). A and B: Gross anatomical structure
of pregnant and non-pregnant uteri (Biorender.com image library; images taken by Tshikaya
Kaleta) C: Cross-sectional image of the non-gravid mouse uterus, illustrating different layers of
the myometrium and blood vessels. (Drawn by Tshikaya Kaleta)

The average lifespan of a mouse is 24 months with a reproduction period of 7 to 8 months
(Wilkinson et al., 2012). Numerous factors including strain, diet, age, breeding environment,
pheromones, and general health can influence mouse reproduction (Baker et al., 1932; K