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Abstract 

Introduction: Preterm premature rupture of the fetal amniotic membrane 

(PPROM) is a cause of preterm birth and affects 2% of women worldwide. 

Causative factors such as uterine contractions and inflammatory mediators 

such as PGE2 weaken the fetal membrane due to a loss in biomechanical 

properties.  

This study investigated the influence of fibre orientation on the mechanical 

properties of the amniotic membrane (AM) and the effect of cyclical tensile 

strain (CTS) regimens on the fibre network within the AM as well as on PGE2 

production.  

 

Methods:  AM were collected from women undergoing term elective 

Caesarean Section at University College Hospital. AM from the cervix and 

placental regions were stained to identify fibre orientation. Specimens of AM 

were then subjected to a strain to failure regimen (Bionix 100, MTS). 

AM were also subjected to CTS using the Bose bioreactor (Bose Enduratec, 

UK). Assays for GAG, DNA, collagen, elastin and PGE2 were performed and 

compared to unstrained membrane.  

 

Results: The mechanical properties of the AM were dependent on fibre 

orientation with samples where fibres were strained in parallel being stronger 

than those strained perpendicular (p=0.0002 comparing the placental region 

using Student t test). Histological examination of the fibres revealed an 

abundance of elastin rather than collagen fibres within the AM. 

CTS reduced collagen and elastin synthesis within the AM, which was most 

marked in the cervical region (p=0.002, for elastin and p=0.02 for collagen, 

both in the cervical region). PGE2 production increased in strained specimens, 

again, most marked in the cervical region (p=0.00001).  

 

Conclusion:  This study shows that fibre orientation is an important factor 

which influences the mechanical properties of the AM. Furthermore, elastin 

may have a larger contribution to membrane integrity than previously thought. 
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CTS influenced the AM to cause weakening by decreasing the collagen and 

elastin content and increasing PGE2 production.  
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Glossary 

PPROM - Preterm premature rupture of membranes  

PROM - Premature rupture of the membranes  

PTB - Preterm birth 

Term - 37 to 40 weeks gestation  

AM - Amniotic membrane  

MMP - Matrix metalloproteinase 

PG - Prostaglandin  

ZAM - Zone of altered morphology  

TIMP - Tissue inhibitor of metalloproteinase 

TNF - Tumour necrosis factor  

IL - Interleukin  

LPS - Lipopolysaccharides  

UTI - Urinary tract infection  

APH - Antepartum haemorrhage 

BV - Bacterial vaginosis 

Placenta praevia - Some or all of placenta located in the lower segment of the 

uterus, often covering the cervical os  

Placental abruption - An obstetric emergency when the placenta separates 

from the uterine wall 

TTTS - Twin to twin transfusion syndrome  

Polyhydramnios – excessive amniotic fluid volume 

Chorioamnionitis - infection of the placenta and fetal membranes 

Monochorionic twins - twins commonly share a placenta and there are 

placental anastomoses that allow sharing of the fetal blood circulation 

Oligohydramnios – reduced volume of amniotic fluid 

Stress - Force per unit cross-sectional area 

Strain - Change in dimension of any part of the membrane 

Failure strength - Stress at maximal load, when the specimen fails 

LSCS - lower segment caesarean section 

TM - Tangent modulus, also known as Young’s modulus, quantifies the 

stiffness of a tissue and is the most commonly reported mechanical property 

of a material 
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UTS - Ultimate tensile stress, describes the maximum stress applied to the 

tissue before failure 

ε to # - strain to failure, describes the maximum strain value at which the 

whole membrane failed (failure strength) 

Tensile strength - The resistance of a material to breaking under tension 

(similar to UTS) 

Cervical ripening – The changes occurring at the cervix in order to ready the 

body for labour 
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1.0 Introduction 

 
Preterm premature rupture of membranes (PPROM) with preterm birth 

is a leading cause of neonatal mortality and morbidity and its prevalence is 

increasing in the developed world.1 The gestational sac membranes normally 

rupture spontaneously at term (after 37 weeks gestation), and usually after 

labour has started. In 10% of term pregnancies, rupture of the membranes 

occurs before the onset of contractions, although labour tends to start soon 

afterwards and usually within 24 hours. This is termed premature rupture of 

the membranes or PROM.19 In preterm birth (birth before 37 weeks of 

gestation) over 30% of cases start with preterm PROM or PPROM. Labour 

often follows soon afterwards and usually within one week.19 

There has been a 15% increase in the prevalence of preterm birth 

worldwide over the last 20 years. The accuracy of data from many developing 

countries is limited, where population and medical data is difficult to collect 

accurately, or may not exist. Factors thought to be contributing to the recent 

increase in prevalence include higher rates of multiple pregnancies due to 

assisted reproduction techniques such as in vitro fertilisation, higher maternal 

age and maternal smoking.89 There have also been changes in clinical 

practice such as a tendency to perform elective Caesarean section (CS) 

between 37 and 38 weeks of gestation for indications such as previous CS, 

leading to iatrogenic preterm delivery. Women may also be electively 

delivered early for clinical indications such as pre-eclampsia or fetal growth 

restriction.2 Nevertheless, the reason why the majority of spontaneous 

PPROM and subsequent preterm births occur is very often unclear.   

Uterine distension such as occurs with polyhydramios, infection and 

inflammation, antepartum haemorrhage and abnormal placentation, and 

cervical weakness, are known to be important factors. However how these 

factors influence the integrity of the fetal membranes, and lead to their 

premature rupture is unknown. Many of these factors culminate in the 

development of uterine contractions whereby the myometrium contracts 

painfully and regularly, a common presentation to hospital for women who 

subsequently develop PPROM and deliver preterm. The mechanism of action 
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whereby uterine contractions leads to PPROM is similarly not well 

understood. This research project aims to understand more about how factors 

known to lead to PPROM and cause uterine contractions, alter the AM by 

exploring the effect on membrane properties and protein expression. 

1.1 Preterm, premature rupture of the membranes (PPROM) 

 Women presenting with PPROM report a loss of fluid from the vagina 

or a damp sensation in their underwear. This can happen spontaneously 

without any associated symptoms. More commonly they can also report 

vaginal bleeding, increased vaginal discharge, a heavy feeling in the 

abdomen, or even uterine tightenings or painful contractions.  

Diagnosis of PPROM is made through careful history taking. On 

examination of the vagina and cervix with a sterile speculum, a pool of 

amniotic fluid (liquor) is usually seen in the posterior fornix and is diagnostic of 

membrane rupture. pH sensitive indicator sticks that change colour upon 

contact with liquor, can be used to confirm PPROM. They can however, test 

false positive for example if semen is present or the pH of the vagina is 

increased, 1 therefore this test is not always used. In some cases, there may 

be suspicion of membrane rupture, but no evidence on speculum 

examination. In these cases ultrasound examination of the fluid volume or 

regular sanitary pad checks may be used instead.24   

Once a diagnosis of PPROM is made, treatment depends on gestation. 

The main aim is to continue with the pregnancy if it is safe to do so allowing 

the fetus to gain maturity and weight in utero. Maternal temperature and blood 

tests are checked regularly to identify signs of infection. Steroid injections are 

administered to the mother in order to cause premature release of surfactant 

in the fetal lungs, which reduces the incidence of neonatal respiratory 

problems after birth. If the mother is at a hospital with inadequate neonatal 

facilities for the gestational age of the fetus, she can be transferred to another 

more appropriate hospital.24 

Conservative management involves remaining in hospital close to 

appropriate obstetric and neonatal facilities, antibiotics (oral erythromycin for 

10 days if the mother is not allergic90), and daily temperature, pad checks and 

blood tests. If there are any signs of infection such as a raised temperature, 
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foul smelling liquor or changes in inflammatory markers, delivery is indicated. 

This can either be through induction of labour (achieved by the use of 

prostaglandin gel or tablets) or caesarean section. 

1.2 Preterm birth is a consequence of PPROM 

Preterm birth (PTB) is a common consequence of PPROM. Even with 

conservative management, such as hospital admission and antibiotics 

described above, in over 50% of cases women will deliver within one week of 

membrane rupture. One of the most important reasons why this occurs is due 

to bacterial infection. Bacteria from the vagina can access fetal membranes 

by ascending the cervical canal and then, in some cases, infect amniotic fluid 

and fetal blood. In addition, organisms circulating in maternal blood can cross 

the placenta and target fetal membranes.91 The infection may then produce 

local cytokine release and an inflammatory reaction which leads to labour. 

Bacterial species have been identified in the fetal membranes and placenta of 

over 90% of women with preterm and 65% of women with PPROM deliveries 

in a study which used broad-range 16S rDNA PCR and species-specific, real-

time assays to amplify bacterial DNA from these women.91 

If the woman goes into labour preterm, this is allowed to progress if 

maternal steroids have already been administered, since in many cases, as 

described above, labour is associated with infection which can become 

damaging to the development of the vulnerable preterm neonatal brain. 

Tocolytic agents such as oxytocin receptor antagonists (eg Atosiban) are 

used to prevent or reduce contractions, to allow time for maternal steroids to 

mature the fetal lungs.1,24 Nevertheless, complications after preterm birth 

(PTB) are common, and the frequency and severity of neonatal complications 

in PTB vary with gestation. In very PTBs (<28 weeks of gestation), many 

neonates do not survive. As gestational age and birthweight increase 

however, neonatal survival rises (figure 1). Potential complications to the 

neonate include respiratory distress syndrome, necrotizing enterocolitis, 

intraventricular haemorrhage and sepsis.1  
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Figure 1: Graph illustrating the survival rate and mortality (before first 
birthday) according to gestation at birth. Sourced from the Office for National 
Statistics. Data obtained from England and Wales in 201317 

 

 

Figure 2: Graph illustrating the incidence of common complications seen in 
neonates born at different gestational ages. Reproduced from Mercer BM Jan 
20031 
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1.3 Fetal membranes 

 The role of the fetal membranes is to surround and protect the fetus 

until a time when labour occurs and the fetus is ready to be born. Not only 

must the membranes maintain their integrity, grow with the pregnancy, and 

distend with maternal and fetal movement, they must be able to rupture at the 

correct time as a physiological event. 16  

The fetal membranes are made up of an inner amnion and outer 

chorion membrane (figure 3), which are attached passively and work in 

synergy.  

 

 
 

Figure 3: The anatomical location of the chorionic and amniotic membranes. 
Reprodcued from Pringle et al 2011137 

 

1.3.1 The origins of the fetal membranes 

The amnion and the chorion originate from different germ layers of the 

developing fertilized egg, the amnion originating from the ectoderm 8 days 

after conception.21,49 The amniotic sac enlarges and surrounds the embryo, 

filling with amniotic fluid. The amniotic sac obliterates the space between it 

and the chorion as it enlarges, by ten to twelve weeks of gestation. The 

membranes grow with the developing fetus and uterus.21 By 16 weeks the 

membranes fuse together73, but the membranes slide across each other 
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easily. This is due to a surfactant-like substance between them called which 

allows shearing between the two membranes.49 A study by Parry-Jones et 

al115 approximately measured the surface area of the uterus versus the 

expelled membranes after birth and demonstrated a ratio of 1.99:1 between 

the two. This confirms that the fetal membranes are under tension by the time 

of delivery.  

Amniotic fluid production begins with the development of the chorion 

and amnion.  By 16 weeks gestation, the amniotic fluid is thought of as a 

maternal serum exudate. At this time, fetal urine production develops from the 

fetal kidneys and becomes the bigger contributor of amniotic fluid.49  

1.3.2 The amniotic membrane 

Histologically, the fetal membranes each consist of a layer of cells, a 

basement membrane, connective tissue and transitional layers. Of greatest 

interest is the connective tissue layer, containing collagen, which gives the 

AM its strength.73  

 
 

 

Figure 4: An electron micrgraph view of the amniotic membrane. Reproduced 
from Calvin and Oyen 200749  

 

The AM contains collagen. Collagen is the most abundant protein 

found in humans and is the main constituent of connective tissue.28 The 

collagen protein is made up of three polypeptide strands called alpha chains. 
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These chains twist together to form a triple helix which is stabilised by 

hydrogen bonds.29 These triple helices self assemble into larger arrays within 

the extracellular space.30 Collagen is divided into different subgroups 

depending on the structure they form.28 So far, 28 different subtypes of 

collagen have been identified, with type I being the most prevalent in the 

human body. It makes up 90% of the collagen in the body. Collagen synthesis 

mainly occurs in fibroblasts and can occur both intra and extra cellular. 138 

Degradation of collagen is controlled by matrix metalloproteases, this will be 

described in more detail in a later section. 

The AM primarily contains collagen types I, III and IV, as well as small 

amounts of V and VI, and proteoglycans.11,49 Collagen types I, III and V are 

present throughout the AM and chorion, whilst type IV is present in the 

basement membrane of both.104 The amount of collagen in the preterm AM is 

not clear from published research. One study describes how the collagen 

composition of the AM does not seem to change throughout gestation from 

mid pregnancy onwards, in the absence of infection.74 In contrast, a different 

study describes the collagen content of the AM decreasing with gestational 

age from 446 µg/mg dry weight at 32 weeks to 362 µg/mg dry weight at 40 

weeks gestation.84 Both studies used the hydroxyproline assay in order to 

measure the collagen content of the AM, although the actual experimental 

techniques differed slightly. The hydroxyproline assay is a well established 

assay which can detect collagen (via hydroxyproline, a major component of 

collagen) in tissue and biological fluids.  

The collagen content of the term AM also varies depending on tissue 

region. One study describes less collagen, when compared to distal areas, at 

the rupture site (408 µg/cm2 vs 423 µg/cm2).83 It is unclear how the collagen 

content might decrease in this region with advancing gestation. One study 

suggests that the collagen bundles are loosely arranged which could explain 

the lower collagen content74. Alternatively the collagen content could reduce 

towards term through a biochemical breakdown process in preparation of 

labour.  
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Figure 5: Illustrating a Haematoxylin and Eosin stained histological section of 
the fetal membranes (magnification x200). Reproduced from Calvin and Oyen 
200749 

 

 

Figure 6: Diagram illustrating the collagen types and non-collagen 
components present in the different layers of the fetal membranes. 
Reproduced from Bryant-Greenwood109 

 

The AM also contains small amounts of elastin, which has been 

described in all layers of the AM, in particular, the connective tissue layer.81 

CALVIN & OYEN 171

FIGURE 1. Hematoxylin and eosin (H&E)-stained histological section of the
chorioamnion membrane of a 39-week gestation delivered by repeat cesarean section prior
to the onset of labor. Magnification 200×.

and surrounds the developing embryo filling with amniotic fluid. The amniotic
sac obliterates the space between it and the chorion by 10–12 weeks of ges-
tation and by 16 weeks the chorioamnion has pushed up against the decidua
of the uterine wall.33,35 The predominance of connective tissue (i.e., as op-
posed to cellular components) comprising the chorioamnion is shown clearly in
FIGURE 1, a histological section of the chorioamnion. The amnion is dominantly
acellular, distinguishing this segment of the CA from the more cellular chorion
layer at a well-defined interface (FIG. 2).

At delivery it is easy to separate the CA layers by gentle traction. The chorion
and amnion layers are seen to slide easily on each other, which has been sug-
gested as a possible mechanism for sealing of small membrane defects.36 Fur-
ther analysis has shown surface-active phospholipid (likely surfactant) present
in oligolamellar sheets parallel to the CA. It was further concluded that this
material promotes shearing between the membrane planes thereby releasing
membrane tension and adding to tensile strength.37,38

Microscopic Anatomy

The specific extracellular matrix (ECM) composition of the CA component
layers (chorion and amnion) has been examined in a recent and extensive

Bryant-Greenwood: The Extracellular Matrix of the Human Fetal Membranes 3 
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Integrins 
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Figure 2. The distribution of collagens and non-collagen components in the human amnion, chorion and decidua 

compact layer beneath the amniotic basement membrane 
(Malak et al., 1993). The latter is a classical basement 
membrane of type IV collagen, which provides a scaffold for 
the assembly of other basement membrane components; 
laminin, entactin/nidogen and heparan sulphate proteoglycan. 
However, the quantitatively minor collagen components, types 
V, VI and VII in the compact region are probably important 
for strength since types V and VI form heterotypic fibrils with 
the types I and III collagens (Ayad et al., 1994) and type VII 
forms anchoring fibrils (Keene et al., 1987). Type V collagen is 
considered to be a minor fibrillar collagen, but its distribution 
in the immediate vicinity of the amniotic basement membrane 
suggests it also performs an anchoring function at this point 
(Malak et al., 1993). 

Although type IV collagen is generally associated with 
basement membranes, in this case the basal lamina of the 
amniotic epithelium and the pseudobasement membrane of the 
chorion, Malak et al. (1993) showed its wide distribution 
throughout these tissues. It has been suggested that type IV 
collagen may also have a role in the development and main- 
tenance of matrix structure (Modesti et al., 1989). Type VI 
collagen was also found rather generally distributed through- 
out these tissues (Malak et al., 1993) supporting the view that 
this collagen is probably ubiquitous in connective tissues (Ayad 
et al., 1994). Type VII collagen provides additional attach- 
ments linking the basal lamina of the amniotic epithelium to 
the underlying extracellular matrix in the form of anchoring 
fibrils (Keene et al., 1987). This is a particularly long collagen 
which forms antiparallel dimers, the main constituents of 
anchoring fibrils (Prockop and Kiviriko, 1995). Type XIV 
collagen, a fibril-associated collagen (Prockop and Kiviriko, 
1995) is also present in the matrix of the amniochorion and the 
basement membrane of the decidua (Dr A. Westerhausen- 

Larsen, personal communication). Such minor collagens may 
be of importance for the mechanical stability of the tissue 
and provide resilience to the stretching they undergo in 
late gestation. It should not be forgotten that intracellular 
structures also provide potential strength and a capacity for 
repair to the amniochorion, these have been described in 
depth but are beyond the scope of this review (Ockleford et al., 
1993). 

Early reports showed collagen types I and III associated with 
the cytotrophoblast cells (Aplin and Campbell, 1985). More 
recent studies however have not found this to be the case 
(Dieron and Bryant-Greenwood, 1991; Malak et al., 1993). 
Type IV collagen on the other hand, has been identified in 
association with these cells in all immunolocalization studies 
(Aplin and Campbell, 1985; Dieron and Bryant-Greenwood, 
1991; Malak et al., 1993). The chorion has a protective 
function against immunological rejection (M&laster et al., 
1995) as well as being responsible for deactivation of a number 
of important locally produced hormones, prostaglandins, oxy- 
tocin and endothelin-1 (Germain et al., 1994). The extracellu- 
lar matrix associated with the chorionic cytotrophoblast cells 
may be important for attachment to the decidua since at 
parturition, separation and detachment occurs within decidual 
striae, leaving a layer of the capsular/parietal decidua attached 
to the chorion. 

The amniotic epithelial cells synthesize both the collagens 
constituting their basal lamina (type IV) as well as the stromal 
interstitial collagens (types I and III) of the compact layer 
(Bourne, 1960; Aplin, Campbell and Allen, 1985). The pro- 
duction of these components of the extracellular matrix has 
been shown to continue to term. Recent studies have used 
similar preparations of amniotic epithelial cells, in addition 
confluent mesenchymal cell cultures were isolated from the 
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The precise elastin content of the AM is poorly understood and literature 

regarding this subject is sparse. One study that measured elastin using the 

Fastin elastin assay kit suggests that the contribution of elastin to the AM is 

1.1-3% (wet weight) at term.100 Due to the small amount of elastin present 

within the AM, it is not thought that elastin contributes to membrane integrity, 

but rather that collagen only is responsible.52 

 

1.3.3 The chorionic membrane 

 In contrast to the AM, the chorionic membrane originates from the 

extra-embryonic mesoderm. The chorionic membrane consists of two layers, 

the outer trophoblast layer and the reticular layer10,110. This layer is in contact 

with the AM. The trophoblast layer is composed of an internal layer of cubical 

cells, the cytotrophoblast and an external layer, the syncytiotrophoblast.110 

The reticular layer is composed of varying ratios of collagen types I,III,IV,V 

and VI, with type IV predominating in the basement layer between the 

reticular layer and the trophoblast layer. The trophoblast layer is the layer 

containing MMP-9.10  

 The chorionic membrane has a unique role compared to the AM. It 

must invade into the decidua and form villi. Blood from the fetus circulates to 

the villi which then allows exchange of oxygen and nutrients from the mother’s 

circulation. In this way, the chorion forms part of the placenta.110 

 

 

 

 

 

 

 

 

 

 

 

 



	 24	

Amniotic Membrane Chorionic Membrane 

Originates from ectoderm layer21 Originates from mesoderm layer and 

is lined by trophoblastic cells21 

Avascular16 Cellular16 

Thinner (111 µm)8 Thicker (431 µm)8 

Provides greater tensile strength to 

the fetal membranes11,13 

 

MMP-1,2,3,8 and 9 all described32 Only MMP-9 has been described10 

TIMP1,2,3 and 4 described32  

Table 1: Comparison between the AM and chorionic membrane 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 7: Diagram illustrating the different collagen types in the different layers 
of the term fetal membrane. Malak et al. 200727 

 

1.3.4 Fetal membrane degradation 

Degradation of collagen is controlled by matrix metalloproteases 

(MMPs), which have specificities for different types of collagen.104 MMPs are 

part of the MMP gene family that encodes zinc-dependent enzymes that 
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break down the extracellular matrix (ECM).105 They are important as they are 

the only enzyme able to degrade the components of the ECM. Their activity is 

under strict transcriptional and postdelivery translational regulation. The 

enzyme is initially secreted in an inactive form which then needs activation. 

It’s activity is controlled by a careful balance between activators such as 

plasmin, prostoglandins and other MMPs and inhibitors of MMPs (TIMPS, 

discussed later).12 

MMPs -1,2,3,8 and 9 have all been described in the fetal membranes32 

but only certain MMPs have been extensively investigated to date. MMP-1 is 

thought to predominant in the AM prior to the onset of contractions32, whilst 

MMP-9 has been shown to predominate in the amniotic fluid and fetal 

membranes during PROM, term and preterm labour.105,108 It is thought that it 

can also be induced in the fetal membranes by prostaglandin E2 (PGE2) and 

PGF2α. Higher concentrations of MMP-9 can be found around the AM rupture 

line after delivery and in the area of AM overlying the cervix,12,106 thought to 

be induced by PGE2 and PGFα acting on the same area.106 This area 

corresponds to the zone of altered morphology (ZAM, please see later) and it 

is thought that MMP-9 has a role in the collagen changes that are present in 

this area.12,14,51 MMP-9 is produced by amnion epithelial cells and is present 

in amnion epithelium, chorion, decidua and synctytiotrophoblast from the 

placental villi.105 It has been concluded that MMP-9 has a major role in 

PPROM, preterm labour and membrane remodeling.32 

MMPs are controlled by tissue inhibitor of metalloproteases (TIMPs).32 

Four subgroups of TIMPs have been identified and these form 1:1 complexes 

with the corresponding MMP.107 The ratio of MMPs to TIMPs for particular 

collagen types determines if that collagen is degraded.104 TIMP-1,2 and 3 

expression have all been identified in the human endometrium during the 

menstrual cycle and also in the placenta.104 TIMP-4 has not been extensively 

studied. TIMP-1 to 4 expression has been identified in the amnion epithelial 

cells and to lesser extent the subepithelial mesenchymal cells. It has also 

been identified in the chorion trophoblast cells, the decidua adjacent to the 

trophoblast layer and the placental syncytiotrophoblast layer.107  

TIMP-1, which controls MMP-9, has been shown to decrease with 

PROM and labour. A study by Riley et al107 identified TIMPs in human 
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amniotic fluid using immunoblot and demonstrated a decrease in secretion of 

TIMPs in amniotic fluid during labour.  

 

 

Table 2: MMPs and their corresponding matrix substrates. Reproduced from 
Bryant-Greenwood et al104 

 

Control of elastin synthesis and degradation within the AM is not well 

understood. There appear to be a limited number of proteinases capable of 

degrading elastin in the human body, one group includes the MMPs, more 

specifically MMP-9.85 
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Table I. Nomenclature and substrates of metalloproteinases pertinent to this study 

Enzyme name I Metalloproteinase No. I Matrix substrates 

Interstitial collagenase 
Gelatinase A, 72 kd, or type IV collagenase 
Gelatinase B, 92 kd, or type V collagenase 
Stromelysin 

MMP-1 
MMP-2 
MMP-9 
MMP-3 

Collagens I, II, III 
Collagens IV V, fibronectin 
Collagens IV V, elastin 
Fibronectin, laminin proteoglycans 
Collagens III, IV 

See references 8, 9, and 10. 

and for the basement membrane degrading collagena- 
ses (TIMP-2).8-‘0 

The object of this study was to observe the in vivo 
status of the expression of the genes for the major 
metalloproteinases, an inhibitor TIMP-1, and an acti- 
vator (tissue plasminogen activator, tPA) in the chorion- 
decidua at accessible time points antepartum and peri- 
partum. There are many candidate hormones, both 
systemic and local, that might differentially control the 
expression of these enzymes and their inhibitors in the 
chorion-decidua.” One of these, relaxin, has been the 
focus of our studies for a number of years, because its 
major biologic role in women is to remodel the extra- 
cellular matrix.“’ I3 Relaxin is a product of the chorion- 
decidua,” and in this study we have related .the levels of 
its messenger ribonucleic acid (mRNA) to those of the 
metalloproteinases MMP-1, MMP-2, MMP-3, MMP-9; 
TIMP-1; and tPA. 

Material and methods 
Tissue collection. Fetal membranes were collected at 

Kapiolani Women’s and Children’s Hospital (Honolulu, 
Hawaii) from women undergoing elective cesarean sec- 
tion at term with no labor, group 1 (72 = 5); cesarean 
section with labor, group 2 (n = 5); and normal spon- 
taneous labor and delivery, group 3 (n = 6). The tissues 
were transported to the laboratory on ice within 1 hour 
of removal. The chorion-decidua was carefully sepa- 
rated from the amnion and quickly frozen in liquid 
nitrogen. Tissues were stored at -80” C until RNA 
extraction. 

Isolation of RNA and Northern transfer. Total RNA 
was isolated from 8 gm of chorion-decidua, which 
represented all the chorion-decidua from a single pa- 
tient, by the single-step acid guanidinium thiocyanate- 
phenol-chloroform extraction method of Chomczynski 
and Sacchi.15 Poly (A)+ RNA was isolated by affinity 
chromatography on oligothymidylic acid cellulose.‘6 
Poly (A)+ RNA was also isolated from a pooled sample 
of chorion-decidua from five different patients and used 
as an internal standard for all the Northern analyses. 

Aliquots (20 pg) of poly (A)+ RNA were denatured in 
1 mol/L glyoxal and electrophoresed on a 1.4% 
agarose gel in 0.01 mol/L phosphate buffer, pH 6.5. A 
9.5 to 0.23 kb RNA ladder (Gibco-BRL, Grand Island, 
N.Y.) was run as a molecular weight marker. An aliquot 

(20 pg) of poly (A)+ RNA from the pooled chorion- 
decidua standard was also electrophoresed with each gel 
and was used as an internal standard to correct for 
slight variations in transfer efficiency between gels. The 
RNA was transferred onto nylon membranes (Magna- 
graph, Micron Separations, Westborough, Mass.) in 
10 x saline-sodium phosphate-ethylenediaminetetra- 
acetic acid (EDTA) buffer (1 x saline-sodium phos- 
phate-EDTA buffer = 0.18 mol/L sodium chloride, 10 
mmol/L sodium phosphate, pH 7.7, and 1 mmol/L 
EDTA) by capillary action overnight. The membranes 
were rinsed in 5 x saline-sodium phosphate-EDTA 
buffer, baked at 80” C for 1 to 2 hours, and stored desic- 
cated at 4” C until hybridized with specific probes. 

Probes for Northern analyses. The four metallopro- 
teinases, their full names, matrix metalloproteinase 
number, and substrate specificities are shown in Table 1. 

Complementary deoxyribonucleic acid (cDNA) 
probes to MMP-3 and MMP-9 were generous gifts from 
Dr. Hideaki Nagase, University of Kansas Medical Cen- 
ter, Kansas City, Kansas. MMP-3 (1.5 kb) was isolated 
from a rheumatoid synovial cDNA library and cloned 
into the EcoRI site of pGEMEX-1. The MMP-9 cDNA to 
the 92 kd gelatinase was produced as a 335 bp poly- 
merase chain reaction product. 

A cDNA probe for MMP-2 (1.1 kb) was isolated by 
screening a human placental cDNA library, and a probe 
for MMP-1 (2.2 kb) was derived from an A2058 human 
melanoma cDNA library; these were generous gifts 
from Dr. William G. Stetler-Stevenson, National Cancer 
Institute, Bethesda, Maryland. A tissue inhibitor of 
metalloproteinase cDNA probe (770 bp) was a generous 
gift from Synergen, Boulder, Colorado, and the cDNA 
probe to tPA (1.1 kb) was purchased from the American 
Type Tissue Collection, Rockville, Maryland. Human 
glyceraldehyde-3 phosphate dehydrogenase cDNA 
probe (1.1 kb), used as a housekeeping gene standard, 
was obtained from Clontech Laboratories, Palo Alto, 
California. 

A 48mer oligonucleotide complementary to the Hl 
and H2 human relaxin genes encoding amino acids 
1 l-26 of the B-chain was kindly made by Drs. W. Scott 
Young III and Michael J. Brownstein, National Institute 
of Mental Health (Bethesda, Maryland). The probe was 
made by solid-phase synthesis on a DNA synthesizer 
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Figure 8: Schematic representation of collagen turnover. Procollagen 
synthesized in the fibroblast is transported into the interstitial space. Here it 
cleaved and the collagen triple helix is formed and secreted into the 
bloodstream. Degradation is through collagenases from the MMP family. 
Reproduced from de Jong et al139  

1.4 Collagen orientation and the fetal membrane 

There have been few studies investigating the collagen fibre orientation 

of fetal membranes and the contribution of this to the overall tensile strength 

in the tissue. This is an important factor to consider since it is understood that 

collagen rich tissues can endure the greatest tensile stress in the direction in 

which the collagen fibres are orientated.52 

In its resting state, collagen is crimped. As load is applied to the tissue, 

the collagen fibres straighten and can bear load. Each fibre has its own state 

of crimping and becomes recruited at different loads.52  

A number of observations support the concept that the greatest tensile 

stress endured by the tissue, is in the direction of the collagen fibre 

orientation. Gigante et al46 investigated the tensile strength of two 

multilamellar collagen type I membranes (orientated versus non-orientated) 
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for use in tendon repair. They observed that the tensile strength of the 

orientated membranes was higher than the non-orientated membranes.46   

Another study investigated the changes in tensile strength of 

bioprosthetic heart valves depending on the collagen fibre orientation. The 

valves are mainly composed of collagen type I with a small amount of elastin, 

and the valves are known to degrade over time and function due to 

mechanical fatigue resulting in structural damage to the valves. The group 

investigated how collagen fibre orientation affected the response of the valves 

to cyclic loading (both uniaxial and biaxial). The samples were stretched either 

in parallel to or perpendicular to the collagen fibres.47 In the parallel loading 

group, as the tissue underwent cyclical loading, the collagen fibres uncrimped 

in the direction of the load. This caused the tissue to become stiffer in that 

direction. In the perpendicular group, no uncrimping was noted, and instead 

the fibres re-orientated towards the direction of the load. The authors also 

showed that these changes did not affect collagen denaturation.47 

Considering fetal membranes, Oxlund et al 48 tested the tensile 

strength of whole and separated fetal membranes comparing the tensile 

strength of the membrane if cut in parallel to or perpendicular to the placenta. 

The team sampled membrane obtained from halfway between the rupture site 

and placenta. The chorion and AM were separated and mounted onto a 

materials testing machine. The primary aim of the experiment was to assess 

the mechanical properties of the chorion, AM and the chorion and AM 

together. Also to assess if storage of the membranes would interfere with it’s 

mechanical properties. As a side, the group mentioned that when cutting the 

samples, they were cut both in parallel to the placental edge and at right 

angles to it. They concluded that there was no difference in the tensile 

strength between the two sets of samples. 48 This does not show a thorough 

investigation in the change in tensile strength of fetal membranes in relation to 

collagen orientation. 

1.5 Collagen in the term and preterm AM  

Collagen content and type has been studied previously through 

gestation using a variety of techniques. Al-Zaid et al22 used limited pepsin 

digestion, SDS-PAG electrophoresis and quantification of collagen types by 
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densitometry. They found no change in the amount of collagen from different 

parts of the membrane between term and preterm membranes, which led the 

authors to consider that there is a change in the quality of the collagen leading 

to preterm labour. They reported that there was a linear decrease in the 

collagen content of the fetal membranes at the rupture site. This was 

assumed to be due to changes in the type and therefore the stability of the 

collagen nearer the rupture site or increased MMPs at these sites. This study 

found that the collagen types in fetal membranes were I>III>V in preterm 

membranes and I>V>III in term membranes. The findings that type V collagen 

is less in preterm membranes and less at the rupture site in term membranes 

raises the question of the role played by this type of collagen in membrane 

stability.22  

An ultrastructure study comparing term and preterm membrane was 

performed by Bou-Resli et al9 using, in part, electron microscopy. The team 

described how the collagen fibres were more disorganised in the preterm 

amniotic membrane compared to the term and that there was no clear pattern 

of collagen fibre ‘orientation’ in certain layers, including the spongy layer. In 

this context, the article did not describe the orientation tendency of the 

collagen fibres but rather the observed that the usual wavy bundles of 

collagen were not present. 9 

The following table summarises what is known about the differences 

between term and preterm AM from women who have undergone labour. 

Term Preterm 

Weaker than preterm membrane71,72 Stronger than term membrane71,72 

ZAM identified87,88 No ZAM identified32 

Contains mainly type I and V 

collagen22 

Contains mainly type I and III 

collagen22 

Collagen fibres well aligned9 Collagen fibres disorganised9 

Increased levels of MMPs towards 

term32 

Increase in MMP levels noted during 

preterm labour and PPROM105,108 

Table 3: Comparison between the term and preterm AM. ZAM = zone of 
altered morphology 
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1.6 Rupture of the membranes at term 

Studies have identified an area of the membranes overlying the cervix 

called the ZAM, with features of high morphological change that occurs 

nearing term. The changes include extracellular degradation, swelling and 

reduced cellularity and are consistent with structural weakening of the 

membranes. This weakness is where rupture is more likely to occur.12 

The ZAM was first described by Malak et al87 in 1994 after meticulous 

mapping of the fetal membranes along the rupture margin and distally up to 

the placenta. The samples investigated were from women having vaginal 

deliveries, following which multiple samples were stained and examined under 

a light microscope. An area of membrane along the rupture line exhibited 

contrasting features to the rest of the membrane 87 with an increased ratio of 

connective tissue to cellular layer thickness in this area.37 This ZAM area was 

located near to the edge of the rupture line, with a diameter ranging from 4-12 

cm. The group concluded that this area may be the site of initial membrane 

rupture, and hypothesized that if these morphological changes were to 

develop preterm, this could lead to PPROM.87  

Further studies have described an area of altered morphology similar 

to, but not as extensive as the ZAM, to overlie the cervix in women 

undergoing elective caesarean section at term before rupture of the 

membranes had occurred 88. It is thought that the action of labour and delivery 

causes the ZAM to alter further.  

El Khwad et al51 described increased levels of MMP-9 (P<0.01) in the 

ZAM compared to the remaining fetal membrane tested, and decreased levels 

of TIMP-3 (P<0.01). McLaren et al confirmed increased levels of MMPs and 

found apoptosis occurring at the ZAM.12,14 These observations would be 

consistent with collagen remodelling, leading to membrane weakening and 

thus membrane rupture.  
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Figure 9: Comparison of the mid-zone area of fetal membrane (A) and 
cervical area (B) (formalin fixed) using H&E staining. In A, the connective 
tissue layer (CTL) is densely packed. In B, there is swelling of the CTL and 
thinning of the trophoblast (T) and decidual (D) cell layers. (AE = amniotic 
epithelium). Reproduced from McLaren et al12 
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 El Khwad et al51investigated the strength of the fetal membranes at the 

cervix (and thus the ZAM) compared to the remaining membrane using 

puncture testing. Although there was much variability in rupture strength 

throughout the fetal membranes, the cervical area that included the ZAM 

showed a decreased strength of rupture compared to the remaining 

membrane.  

 

 

Figure 10: Comparison of the mean strength of the fetal membranes in the 
cervical region, and the remaining membrane, (P<0.001). Reproduced from El 
Khwad et al51 

 

1.7 Pro-inflammatory cytokines and prostaglandins 

The placenta and fetal membranes are a source of a large number of 

cytokines and related factors. The most important of these are PGs. The AM 

is a major site of PG synthesis (PGE2).94 Studies have shown an up-regulation 

of inflammation-related genes in labour at both term, and preterm, when 

associated with infection. The degree of up-regulation is still a source of 

debate with some studies describing only a modest rise with labour. IL-8 

levels in the amniotic fluid and lower segment of the uterus increases 

dramatically with the onset of term labour. IL-16 levels do not change with 
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term labour, but are increased with preterm labour complicated by intrauterine 

infection. It is not understood what triggers increased cytokine production in 

the fetal membranes of non-infected preterm deliveries.92 Increased levels of 

tumour necrosis factor (TNF) and interleukin 1β (IL1β) during pregnancy may 

induce fetal membrane weakness through the process of apoptosis, as well 

as MMP-9 activation. TNF and IL1β have been shown to induce apoptosis 

and increase PGE2 production in the amnion, chorion and myometrium.92,112 

Interestingly, as well as the production of pro-inflammatory cytokines, 

the fetal membranes and placenta also produce anti-inflammatory cytokines 

such as IL10. IL10 is produced as a response to lipopolysaccharides (LPS) 

but it is unclear as to its exact role. In the rat, treatment with IL10 prevents 

LPS induced preterm delivery. In the term human placenta however, 

expression of IL-10 declines prior to the onset of labour. IL-10 inhibits cytokine 

and PG production by the chorion, decidual and placental cells in vitro, as well 

as LPS stimulated PGE2 production in intact fetal membranes. It has also 

been shown to stimulate PGE2 production by amniotic explants. These 

findings have led to one hypothesis; that term labour is associated with a 

withdrawal or reversal of anti-inflammatory cytokines.92 

PG regulation is also controlled by degradation. The enzyme involved 

is 15-hydroxyprostaglandin dehydrogenase (PGDH) which can be found in the 

chorion, placenta trophoblast and decidua. It is thought that the enzyme acts 

in the amniotic fluid to prevent the effect of PG on the myometrium. PGDH 

expression and activity is inhibited by IL-1β and TNF-α. PGDH activity in the 

chorionic trophoblast in the lower segment of the uterus has been shown to 

decrease in term labour, possibly contributing to the PG effects on the 

myometrium.92 

In most mammals, an abrupt fall in progesterone levels at the end of 

pregnancy signals the changes needed to induce labour. No such response is 

noted in human studies. The fetal membranes produce both oestrogens and 

progesterones, although it is thought that the membranes may, metabolise the 

hormones differently. This, more local, effect may be what influences the 

initiation of labour in humans.93 Towards term, progesterone is converted into 

an inactive form, whilst oestrogen is converted into a much more potent 
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oestradiol. This is associated with an increase in the expression of oxytocin 

receptors, gap junctions and prostaglandin release from the fetal membranes, 

all of which initiates labour in humans.93 

1.7.1 Prostaglandins and preterm labour 

 
PG activity depends not only on the rate of PG synthesis, but also on 

the rate of metabolism. Women in preterm labour with an underlying infection 

have been shown to have decreased numbers of trophoblasts in the chorionic 

layer and reduced PGDH activity. Although PGDH activity is decreased in the 

chorion in term labour, it is markedly reduced in the myometrium and cervix in 

preterm labour. PGE2 enhances MMP-9 activity which degrades collagens in 

the fetal membranes and studies show increased MMP-9 concentrations in 

the chorion in term and preterm labour. Thus a cascade of increased PGE2 

levels, together with enhanced MMP-9 activity could be a contributing factor to 

PPROM.94 
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Figure 11: The interaction between proinflammatory cytokines (eg: TNF-α) 
and PGs. Reproduced from Keelan et al112 

 

	  

part in cytokine signalling in the process of labour than is
currently thought and this process may well be controlled by
SOCS proteins.

CYTOKINE REGULATION OF INTRAUTERINE
PROSTAGLANDIN PRODUCTION

Regulation of arachidonic acid metabolism in the gestational
membranes is believed to be key to the maintenance of
pregnancy and the initiation and progression of labour in
women. Extensive studies over many decades have charted
changes in prostanoid levels and prostanoid production rates in
intrauterine tissues prior to and during labour (Mitchell et al.,
1995; Olson, Mijovic and Sadowsky, 1995). Biosynthetic
capacity for prostaglandins, especially of amnion-derived
PGE2, increases in women with term or preterm labour (Gibb,
1998). More recent focus has been on the changes in expres-
sion of the two isoforms of PGHS and their respective roles in
the biosynthesis of prostanoids in parturition (Teixeira et al.,
1994; Slater et al., 1995; Mijovic et al., 1998). Similarly, the
upregulation of PGHS-2 expression by cytokines in gestational

tissues has been the subject of intensive investigation (Kniss,
1999). It has become dogma that cytokines regulate prosta-
glandin production and that this is an important aspect of
parturition (Hansen et al., 1999); cytokines such as TNF-!
and IL-1" have been shown by numerous studies to act in a
coordinated fashion at multiple points of the prostanoid
biosynthetic pathway (Figure 3). Production of prostaglandins
by cells from the amnion (Romero et al., 1989; Bry and
Hallman, 1992), chorion (Lundin-Schiller and Mitchell, 1991),
decidua (Mitchell, Edwin and Romero, 1990), and myo-
metrium (Hertelendy et al., 1993; Pollard and Mitchell, 1996)
is enhanced by IL-1" and TNF-!, at least in part through
increased expression of prostaglandin H synthase (PGHS)-2
(Hansen et al., 1999; Kniss, 1999; Rauk and Chiao, 2000). The
stimulatory effects of LPS on choriodecidual PG production is
predominantly dependent upon local TNF-! release and
action (Sato, Keelan and Mitchell, 2003). IL-6 (albeit at high
doses) has also been shown to stimulate prostaglandin produc-
tion by the amnion and decidua (Mitchell et al., 1991), while
the chemokine macrophage inhibitory protein (MIP)-1!
stimulates amnion and chorion cell prostaglandin production
(Dudley, Edwin and Mitchell, 1996). The important

Figure 3. Cytokine-prostaglandin interactions. Proinflammatory cytokines such as TNF-! act in a coordinated fashion to up-regulate prostanoid biosynthesis and
down-regulate metabolism. Effects on expression and activity of isomerases and PG receptors in gestational tissues are, as yet, unknown. Figure modified and
redrawn from Hansen et al. (Key enzymes of prostaglandin biosynthesis and metabolism. Coordinate regulation of expression by cytokines in gestational tissues:
a review. Prostaglandins Other Lipid Mediators, 57, 243–57, 1999, with permission from Elsevier Science).

Keelan et al.: Cytokines, Prostaglandins and Parturition S39
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1.8 Factors associated with Adverse Pregnancy Outcome 

A number of factors are associated with adverse pregnancy outcome 
including PPROM as shown in table 4 
 

Outcome Measure 
Odds 
Ratio 95% CI 

Bacterial Vaginosis and Pregnancy3,53     
Preterm labour 1.4-6.9 1.1-18.8 
Low birthweight 1.7 1.0-2.9 
PPROM 1.1-5.7 0.8-36.1 
UTI and Pregnancy56     
Preterm labour 1.6 1.4-1.8 
Low birthweight 1.4 1.2-1.8 
Perinatal Mortality 2.2 1.4-3.5 
Gum Disease and Pregnancy57     
Preterm labour 1.78 1.58-2.01 
Low birthweight 1.82 1.2-1.51 
Preterm low birthweight 3 1.93-4.68 
Chlamydia and Pregnancy53     
Preterm birth 1.05-2.0 0.6-6.1 
Low birthweight 1.7-2.7 1.3-5.7 
PPROM 1.8-4.4 1.2-8.1 
Gonnorrhoea and Pregnancy53     
Preterm birth 2.6-6.0 1.2-34.0 
APH and Pregnancy63     
Spotting in pregnancy 0.05 0.01-0.4 
Severe bleeding 2.62 0.53-14 
Contractions with APH 4 1.57-10.19 
Bleeding under 28/40 4.19 1.29-13.66 
Bleeding under 32/40 1.13 0.81-1.52 
Major placenta praevia 1.25 0.90-1.7 
Recurrent APH 1.13 0.93-1.42 

Table 4: The odds ratio of certain conditions associated with adverse 
pregnancy outcomes including, but not restricted to, PPROM. UTI = urinary 
tract infection, APH = antepartum haemorrhage, Low birthweight is defined by 
WHO as the birth weight of a live born infant of less than 2.5kg  

 

1.8.1 Genital tract infections 

Of all the factors associated with PPROM, infection appears to be the 

most important. A number of studies show that infection with Sexually 

Transmitted Infections (STIs) such as Neisseria gonorrhoeae or Chlamydia 
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trachomatis increases the risk of PTB. Observational and anecdotal studies 

show that treating Neisseria gonorrhoeae and Chlamydia trachomatis reduces 

the rates of PTB and PPROM compared to untreated women. There have 

also been reports of significant reductions in the rate of low birth weight 

infants born to women who received antenatal treatment for C. trachomatis.53 

1.8.2 Bacterial vaginosis 

 Several studies have shown a relationship between bacterial vaginosis 

(BV) and preterm labour.3,39 BV is not exactly a true infection, but a condition 

in which there is change in the natural microflora of the vagina. Strains of 

Lactobacillus Sp are reduced and there is an increase in anaerobes and 

mycoplasmas including Gardnerella Vaginialis. BV is associated with 

increased concentration of endotoxins, proteases and phospholipase A2 that 

may weaken the fetal membranes and can lead to PPROM. 3,5,53 

Phospholipase A2 is a precursor for prostaglandin synthesis which can lead to 

uterine contractions.3 Observational studies show that BV, present in the 

vagina in early pregnancy is linked to second trimester labour and perinatal 

loss (late miscarriage). BV can be successfully treated with oral or topical 

antibiotics, as well as through changes in hygiene such as avoiding vaginal 

douching, thus reducing the risks of late miscarriage, PPROM and preterm 

labour.53  

1.8.3 Urinary tract infection 

Urinary tract infection (UTI) is the second most common medical 

complication of pregnancy54, affecting about 5-8% of pregnant women.55,56 

Changes to the urinary tract system during pregnancy predispose women to 

UTIs in pregnancy. These include decreased bladder tone, reduced urethral 

peristalsis and dilatation of the ureters and renal pelvis that are thought to be 

induced by progesterone effects, and pressure of the increasingly gravid 

uterus on the bladder and renal outflow tracts preventing urine flow. 

Pregnancy is considered to be a risk factor for UTIs. Common pathogens 

implicated include Escherichia coli, Enterobacter, Klebsiella, Psuedomonas 

and Proteus.55,56 UTIs in pregnancy are often asymptomatic, complicating the 

diagnostic process. Asymptomatic bacteraemia is tested in urine samples 

from all patients at their first hospital booking appointment since 
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approximately 20% have such an infection in the first trimester, and screening 

and treatment has been shown to reduce the risk of preterm birth. Common 

symptoms of UTI include dysuria, frequency of urination, pelvic, suprapubic or 

loin pain, high temperature, nausea and vomiting. An observational study 

showed that untreated asymptomatic UTI was associated with cystitis, 

pyelonephritis, preterm labour (up to 12.8%) and low birthweight.56  

1.8.4 Other infections 

Infections of other organ systems besides the genital system may also 

play a role. Maternal systemic infection, including viral infection also leads to 

PPROM and preterm labour through the activation of the inflammatory 

cascade as previously detailed. 

Research into periodontal disease has shown an adverse relationship 

between gum disease and pregnancy. Gum disease has been linked to 

preterm labour and birth and low birthweight. Different theories to describe 

this connection have been established. Firstly, the uterus may become 

exposed to bacteraemia or LPSs through the systemic circulation, which then 

elicits an inflammatory reaction, ultimately leading to preterm labour. 

Secondly, cytokines released from the diseased gums may enter the systemic 

circulation and cause an inflammatory reaction, again leading to preterm 

labour.58 Randomised clinical trials (RCT) however do not show a decrease in 

adverse pregnancy outcomes after treating gum disease. There may be many 

reasons for this. In one RCT, the authors concluded that the type of treatment 

they provided (including descaling and root canal) may have been ineffective 

to improve the periodontal health of the women in the trial and thus could not 

reduce the rate of PTB. Also that despite any treatment, the risk of PTB in 

women with poor orthodontic health does not improve. The authors think that 

this may be linked to why these women go onto have PTB, that they have an 

inherent heightened inflammatory response which explains the clinical 

response to the oral infection and the inflammatory process associated with 

obstetric complications.111  

1.8.5 Bacteria directly damage the fetal membranes 

Bacteria are believed to weaken the fetal membranes directly causing 

collagen degradation via increased expression of MMPs. Bacteria such as 
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those found in BV and some bowel commensals (eg E.Coli) produce a variety 

of proteolytic enzymes that act directly on the fetal membranes to weaken 

them.53 In one study, membranes from term labouring women and women 

undergoing elective caesareans section were incubated with bacteria. Control 

membranes were incubated with antibiotic, to prevent infection. The bursting 

pressure, a measure of tensile stress and strain, of each membrane was 

tested and revealed that the inoculated membranes had a significantly lower 

bursting pressure (p<0.001) and thus were weaker than control membranes. 

This was true for samples from women who laboured and from women 

undergoing elective caesarean section.25  

Another study investigated if the increase of MMP-9 resulted in a 

controlled degradation of collagen within whole fetal membranes collected at 

term from women undergoing elective caesarean section. After incubating the 

membranes with Group B Streptococcus bacteria for 24 hours, electron 

microscopy showed that there was a loss of collagen fibrils with damage to 

the three-dimensional structure of the molecule. The changes in collagen 

arrangement were significantly correlated with a decrease in collagen content 

in the fetal membranes (P<0.001). To further explore if the damage to the 

collagen arrangement was mediated by MMPs, the activity of MMP-9 was 

blocked using TIMP-1. After treatment with TIMP-1, the fetal membranes 

showed a preservation of the collagen fibrils with the same collagen content 

as for the control group, although there was still increased spacing between 

fibrils in some localized areas.26 The study concluded that the pathology of 

infection-induced membrane rupture could be attributed to the release of 

proinflammatory cytokines (IL-1β, TNF-α) by the fetal membranes in response 

to bacterial products. These and other cytokines (IL-6 and PGE2) are present 

in the plasma of placental blood of labouring women in the absence of 

infection. This study showed that the levels increase when fetal membranes 

are incubated with bacteria. This is obviously an important role in the 

pathway, which leads to membrane rupture. 26,53 

1.9 Blood 

Bleeding is an important risk factor for PTB and PPROM although the 

precise mechanism is unknown.6 Women with vaginal bleeding complicates 3-
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5% of all pregnancies and 20% of very preterm births are associated with a 

type of APH. APH encompasses many types of vaginal bleeding including 

placenta praevia (some or all of placenta located in the lower segment of the 

uterus, often covering the cervical os), placental abruption (an obstetric 

emergency when the placenta separates from the uterine wall), and local 

causes such as vaginal trauma.113  

There are three theories explaining how bleeding may result in PPROM 

by altering the balance in MMP and TIMP levels, leading to degradation of the 

AM. Firstly the iron released from lysed erythrocytes acts as a catalyst to 

generate the hydroxyl radical (a member of the reactive oxygen species 

(ROS)), via activation of MMP-960. ROS are unstable molecules that are 

generated continuously in the body. They have been linked to tissue damage, 

including of the AM. ROS are capable of initiating lipid peroxidation, damaging 

DNA, releasing catalytic enzymes and damaging cell membranes.62 

Secondly the thrombin in the blood clot directly enhances decidual cell 

production of MMP-339,69 and MMP-9.69 Platelets in the clot stimulate the 

release of chemo-attractants, via the CD-40 ligand system, that recruit 

inflammatory cells to the site of bleeding. This causes collagen remodelling by 

upregulating MMPs and inhibiting TIMPs.39 An in vitro study of the AM 

showed a thrombin induced weakening of the membrane in a dose dependent 

manner, related to the increase of MMP-9 and decreased TIMP-3. This 

caused AM remodelling and apoptosis, thus weakening the membrane.69 

Haematoma formation in early pregnancy that leads to threatened 

miscarriage has also been linked to PPROM through ROS and oxidative 

stress, but the association has not fully been confirmed.61 One paper studied 

144 women who presented with a threatened miscarriage and a haematoma 

on ultrasound scan, matched with control women with showing no 

haematoma. The study followed the women to determine the pregnancy 

outcome but found no significant difference in the rate of PPROM and 

concluded that although threatened miscarriage in itself is associated with 

adverse pregnancy outcomes (including eventual complete miscarriage and 

placental abruption), the presence or absence of a haematoma in the first 

trimester may not increase this risk.61 Placenta praevia with APH is also a risk 

factor for preterm delivery and possibly PPROM.63 
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1.10 Uterine over distension  

Uterine over distension such as is seen in multiple pregnancies or 

polyhydramnios (excess amniotic fluid) is associated with PPROM and PTB. 

Again, the mechanism by which this causes PPROM is not fully understood 

but may be due to uterine overdistension that puts pressure on the AM to 

weaken it in some way.  

Polyhydramnios complicates 0.4-3.3% of all pregnancies. Common 

causes include diabetes mellitus (24.6%), congenital anomalies (20%) and 

multiple pregnancies (8.4%). In 34% of cases, however, the cause is 

unknown.67 Many studies have investigated polyhydramnios and preterm 

labour and have concluded that it is not only the polyhydramnios that causes 

preterm labour, but that the cause of polyhydramnios plays a part. For 

example, one author concluded that polyhydramnios caused by diabetes 

mellitus and congenital anomalies caused earlier preterm labour than 

idiopathic polyhydramnios. In their retrospective study, they identified women 

who had a preterm delivery and also had polyhydramnios. Of these women, 

36% of women with polyhydramnios secondary to congenital abnormalities 

delivered prematurely, a significantly higher proportion than those women in 

the study group with idiopathic polyhydramnios (36% vs 14.1%, p<0.0001). 

Women with insulin dependent diabetes and polyhydramnios were also 

significantly more likely to deliver preterm (27.7% vs 14.1%, p<0.02).68 

Polyhydramnios associated with fetal anomaly may result in a large volume of 

amniotic fluid when compared to women with idiopathic polyhydramnios, 

when generally the fluid volume is lower.  Another study on idiopathic 

polyhydramnios however suggested that uterine over distension is not the 

sole cause for preterm labour and PPROM in polyhydramnios but that it may 

be a trigger for a series of events that result in weakening of the AM. This 

study found no difference in the frequency of preterm labour or PPROM 

occurring at earlier gestations in women with severe, untreated 

polyhydramnios when compared to women with mild polyhydramnios, (when 

the uterus is not so stretched).67  

Stretching of the uterus results in the release of PG from the 

myometrium that are known to initiate labour.66 Significantly higher levels of 
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MMPs (1 and 13) are found in the amniotic fluid of women with polyhydramios 

compared to those with normal amniotic fluid volume, irrespective of 

gestational age. Thus there is also a biochemical response to overdistension 

that could affect the fetal membranes, causing them to weaken and rupture.7 

In twin pregnancies there appears to be a twofold increase in PPROM, 

when compared to singleton pregnancies.64 Another group observed that in 

pregnancies complicated by PPROM, chorioamnionitis (infection of the fetal 

membranes) was less commonly found in twin pregnancies compared to 

singleton pregnancies (9.8% vs. 23.2% respectively), suggesting that other 

mechanisms are in play to cause PPROM in twin pregnancies.65 

Twin to twin transfusion syndrome (TTTS) is a unique phenomenon 

occurring in monochorionic twins and higher multiple pregnancies. Here the 

twins share a placenta and a fetal blood circulation. An imbalance can form 

between the circulations such that one twin, termed the donor gives blood to 

the other twin, called the recipient. This results in the recipient producing more 

urine than the donor twin leading to polyhydramnios and oligohydramnios (low 

volume of amniotic fluid) in the donor twin. In approximately 90% of cases this 

condition results in death of one or both twins. The incidence of TTTS is 10-

15% in monochorionic conceptions. Standard treatment of TTTS is to 

diathermy the fetal circulatory connections to interrupt the pathological 

process, using laser fetoscopy and under ultrasound guidance.116 A 

complication of laser ablation is PPROM which occurs in between 2.7-38% of 

treated cases.117 Fetoscopic plugging of the hole left in the AM unfortunately 

does not reduce the risk of PPROM.131  

There does not appear to be clear literature describing the risk of 

PPROM in women with TTTS who are not treated. One observational study 

from Japan describes the risk of PTB in women with TTTS. In this study, 

TTTS was shown to be the strongest risk factor for very early PTB (<30 

weeks), PTB after TTTS accounted for 36.9% of all the PTB at <30 weeks, 

whereas those PTB occurring after PPROM and PIH accounted for 13.2% 

and 3.2%, respectively.130 
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In summary PPROM occurs in association with a number of factors, 

many of which occur together in complex pregnancies and can interact to 

increase the risk (figure 12). 

 

Figure 12: Schematic representation of the mechanisms proposed to lead to 
PPROM. Reproduced from Parry et al 199810 

 

1.11 Testing the mechanical properties of the fetal membranes 

 
The mechanical properties of the fetal membranes have been tested using 

a number of different methods as outlined below.32 

A. Tensile testing (figure 13) – here, the ends of fetal membrane strips are 

placed in grips and pulled apart in one direction.  

a. Stress (force per unit cross-sectional area) is achieved in the 

longitudinal direction with stretch.  
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b. Strain (change in dimension of any part of the membrane) is 

achieved in the transverse direction with stretch, but no stress is 

produced in this transverse direction. 

B. Burst testing (figure 13) – a section of fetal membrane is clamped in a 

ring and air or fluid is applied perpendicular to the plane of the 

membrane in the middle of the fetal membrane suspended by the ring.  

a. Tensile stress and strain are produced in the meridional and 

circumferential directions. 

C. Puncture testing (figure 13) – a piece of membrane is clamped in a 

ring, but a metal probe is used to displace the central portion of the 

membrane.  

a. Tensile stress and strain are produced in the meridional and 

circumferential directions. 32 
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Figure 13: Diagrammatic representation of the different methods employed to 
test the mechanical properties of the fetal membranes. Moore et al32 

 
Most studies investigating the mechanical properties of the fetal 

membranes have employed the burst testing method. The advantage of this 

method is that it is thought to mimic in vivo activity better since it may replicate 

the fluid head of pressure on the membranes over an open cervix.32 

There are advantages and disadvantages for each method as listed in 

the table below.  

 

 

 

 

 

rupture, this had never been directly demonstrated prior to our
recent studies [21]. Biochemical changes can hypothetically
weaken the membranes in numerous ways: (1) direct effects
on tensile strength by tissue reduction e cellular and/or colla-
gen; (2) changes in viscoelastic properties affecting the tis-
sue’s ability to accommodate stretch forces by mechanical
tissue damage (perhaps by realignment or disruption of inter-
connections of collagen fibers) [62]; and (3) precluding the
ability of the tissue to repair damage after short term exposure
to toxins or the stretching forces of premature labor. We have
begun investigating each of these possibilities.

7. Stretch and fetal membrane rupture

Although the focus of recent research into the etiology of
membrane rupture has been on biochemically mediated
changes, earlier studies clearly demonstrated that tissue defor-
mation and thinning due to mechanical stretch forces also
weaken fetal membranes. Lavery and Miller [63e65] demon-
strated over two decades ago that fetal membranes exhibit
viscoelastic properties. As a consequence, non-recoverable
deformation occurs even as the result of relatively minor intra-
uterine stretch forces. Significant non-recoverable deformation
clearly follows the stresses caused by the contractions of labor.
In addition, membranes are stretched in utero by pre-labor
contractions (BraxtoneHicks) and as a result of the difference
in relative growth rates of the membranes and intrauterine
cavity. BraxtoneHicks contractions can increase baseline
intrauterine pressure (10 mmHg) to 20e30 mmHg, enough
to significantly affect utero-placental blood flow [66]. These
pre-labor, stretch related, effects may augment biochemically
mediated fetal membrane weakening. In addition to the direct
effect upon the tissue, stretch forces also induce a number of
genes related to both apoptosis and MMP activation [67,68].

8. Measurement of fetal membrane strength

Measurement of the appropriate physical characteristics of
fetal membranes to determine ‘‘strength’’ is not straight-
forward. Three types of testing apparatus have been used
(Fig. 1): (1) tensile testing, where the ends of a strip of
membranes are placed in vice grips and pulled apart; (2) burst
testing, in which a piece of membrane is clamped in a ring and
either air or fluid pressure is applied perpendicular to the plane
of the membrane; and (3) puncture testing, in which a piece of
membrane is also clamped in a ring, but a spherical metal
probe is used to displace the central portion of the membrane
perpendicular to the plane of its surface. In each, the force
applied to the membranes and the displacement of the
membranes (in the direction of the force) are recorded simul-
taneously. From the graph of the force vs. displacement curve,
the Rupture Strength, Stiffness (related to elasticity), Work to
Rupture, displacement at rupture, and displacement at
maximum force can be determined (Fig. 2). The viscoelastic
properties of the membranes, such as potential for stress relax-
ation and non-elastic deformation, can also be determined
using these testing methodologies.

1. Tensile testing (see Fig. 1A for a description) was initially
done by Artal [69,70] and then later, more extensively, by
Uldbjerg [71,72]. Artal noted a large variability in tissue
Rupture Strength between membranes with and without

Fig. 1. Diagram of the three testing regimens. Schematic representation of
three physical tests typically used to evaluate the properties of fetal mem-
branes. They are categorized as uniaxial or biaxial according to the state of
stress in the membrane when it is deformed. Stress is the force per unit
cross-sectional area of the membrane and strain is a measure of the change
in length of any line segment in the membrane. (A) In a uniaxial Tensile
Test there is one component of stress in the longitudinal direction. As the sam-
ple is stretched, the transverse dimension decreases resulting in a transverse
strain; no stress is developed in the transverse direction. (B) In the Burst
Test the sample is stretched by fluid pressure acting perpendicular to the mem-
brane’s surface. Tensile stress and strain are developed in both the meridinal
and circumferential directions. (C) In the Puncture Test, a spherical probe is
driven perpendicular to the surface of an unstretched circular membrane. As
in the burst test, stress and strain are developed in the meridinal and circum-
ferential directions. The meridinal direction corresponds to any imaginary line
in the membrane that extends from its center to the outer edge where it is
clamped. In unstretched membranes (burst or puncture test) meridians are
straight radial lines from the center of the membrane to its edge. The circum-
ferential direction corresponds to imaginary circles in planes parallel to the un-
stretched membrane (burst or puncture test). In unstretched membranes these
are concentric circles, centered at the center of the membrane. Using a geo-
graphic analogy, the meridinal direction corresponds to lines of ‘‘longitude’’
on the earth and the circumferential direction corresponds to lines of
‘‘latitude’’.
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Method Advantage Disadvantage 

Tensile test Smaller specimens 

required 1,32 allowing 

multiple tests on same 

membrane 

Does not mimic in vivo 

as well as other 

methods32 

Burst test Mimics in vivo activity 

better than other 

methods32 

Large specimens 

needed48,32, difficult to 

compare between 

studies as calculations 

of burst strength 

depends on apparatus 

used32 

Puncture test Smaller specimens 

needed32 

Does not mimic in vivo 

as well as other 

methods32 

Table 5: The advantages and disadvantages of the different methods used to 
test the fetal membranes 

 

My experiments involved using the uniaxial tensile testing apparatus 

and so this is considered here in more detail. In uniaxial testing, the 

experimental variables are displacement (extension of the sample) and the 

load (force) used to produce displacement. The failure strength is the stress at 

maximal load, when the specimen fails. Sample geometric variables are 

sample width, length and thickness. Keeping the width and length of the 

samples as consistent as possible helps to reduce sample error. 49 
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Figure 14: An example of the data obtainable from tensile strength testing 
(using all methods). Reproduced from Moore et al 200632 

 

1.12 Tensile strength and the fetal membranes 

Many studies have investigated the mechanical behaviour of the fetal 

membranes using the above methods. Experiments have concentrated on 

investigating the rupture force of the membranes (as a whole or separated 

into AM and chorion), as well as the change in mechanical properties under 

different conditions (table 6). Where possible, the results have been described 

in table 6 using the parameters that were used in my experiments to allow 

comparison to be made (such as tangent modulus). This is not an exhaustive 

list, but an indication of the different experiments and protocols developed 

throughout the years. It is difficult to make an exact comparison between the 

different studies due to the different equipment and parameters used to study 

the fetal membranes. Excluded are studies where the values for the different 

stress-strain parameters were not included or calculations not fully explained. 

Also included is a table comparing the tensile strength of the fetal membranes 

to commercially produced materials using an industrial grade materials tester 

by Lloyd Instruments.  

It should be noted that none of the studies took into consideration the 

orientation of the fibres within the membrane, with some studies failing to 

separate out the results from fetal membrane specimens taken from the 

labor, and between samples from different areas of a single
membrane. They also reported that strips of membrane
taken from along the membrane tear line were weaker
than those taken non-adjacent to the tear line. Helmig
noted a significant difference in membranes taken after
vaginal delivery and those from Cesarean section without
labor. In the latter, they noted that the amnion and chorion
were tightly adherent and supported each other. Helmig
et al. reported that amnion ruptured first at a high rupture
strength and the chorion ruptured at a lower force after
minimal additional distention. Membranes from vaginal
deliveries showed amnion and chorion to be more loosely
adherent. The amnion again was reported to rupture first,
but at a lower load than with C/S deliveries. The chorion
ruptured after significant additional deformation at
a very low load. Neither group examined viscoelastic
properties or correlated the findings with histology or
biochemistry.

2. Burst testing (see Fig. 1B for a description) best mimics
physiology in that it duplicates the fluid head of pressure
on the membranes over an open cervix. It is logistically
difficult, however, and requires relatively large pieces of
membrane. This method was used by several groups in-
cluding Polishuk [73], Parry-Jones [74], and Al-Zaid
[75] but most extensively, in a series of reports by Lavery
and Miller [63e65]. These groups concluded that the

amnion was stronger than the chorion, and that there
was significant piece-to-piece variability in tensile strength
when they were able to test more than one piece from a
single membrane. Parry-Jones [74] also demonstrated,
through an elaborate series of measurements, that the sur-
face area of the uterine cavity was two-fold greater than
that of the membranes/placenta. Thus, membranes are un-
der an increasing tensile load as part of normal growth.
This finding was later confirmed by the ultrasound studies
of Millar [76]. Lavery and Miller were the first and only
group to study both acute rupture properties and viscoelas-
tic properties. They demonstrated that fetal membranes ex-
hibited the viscoelastic properties of creep (time increase
in deformation with a constant load), stress relaxation (a
time decrease in load required to maintain a constant de-
formation), and non-recoverable deformation (the tissue
remained thinned and did not return to its original config-
uration upon removal of the load). Further studies showed
that meconium staining increased creep and decreased
stress tolerance. They also found significant variability in
tensile strength between membranes, variability between
samples from the same placenta (although they could
rarely obtain more than one 10 cm diameter test sample
per placenta), and differences in viscoelastic physical
properties in term and preterm membranes. They specu-
lated that mechanical forces exerted during Braxtone
Hicks contractions and due to differential growth could
strain harden the membranes making them brittle and eas-
ily ruptured. They also suspected that parallel histological
changes resulted from stretch induced damage but this was
never investigated (Lavery, personal communication).

3. Puncture studies (see Fig. 1C for description) were initi-
ated because of problems with the other methodologies.
Tensile testing is uniaxial. Tensile force is applied in one
dimension along the plane of the tissue. In normal physi-
ology, pressure applied by the amniotic fluid results in
biaxial stress in the plane of the membranes. Burst testing
equipment is large and thus requires large (typically 7e
10 cm diameter) pieces of membrane for testing. Using
burst testing, most investigators have been able to test
only one or two membrane fragments per placenta. As it
has become clear that membrane strength is not homoge-
neous over individual membranes, it has become desirable
to perform at least 10e20 tests per placenta, which is pos-
sible with the smaller pieces of membrane used in punc-
ture testing. Puncture testing also produces biaxial stress
in the plane of the membranes and has become acceptable
since the work of Schober [7,78] correlated the results of
the more physiological burst testing with puncture testing.
They reported membrane strength properties in terms of
the ratio of surface areas of the test sample and the probe,
using a fixed specimen diameter and probes of various
sizes. Most importantly, they demonstrated that mechani-
cal properties derived from the puncture testing method
were equivalent to those obtained with burst testing if
the ratio of tissue fragment to probe surface area was
extrapolated to one. Physical properties obtained with

Fig. 2. Typical force vs. displacement curve. Initially, the intact chorioamniotic
membrane resists the force required for displacement. Typically, the forcee
displacement plot is initially curvilinear, followed by an approximately linear
segment leading to the point of maximum force where the chorionic compo-
nent of the fetal membrane breaks (Strength). After the rupture of the chorion,
the rest of the curve represents the amnionic component. Strength represents
the amount of force required for the probe to puncture the chorionic compo-
nent of the intact fetal membrane. Strength-2 represents the force required
to puncture the remaining amniotic component. Ductility is defined as the dis-
tance that the tip of the probe moves from the first contact with the membrane
to the development of peak force (peak deflection). Work to Rupture is
the amount of work required to puncture the membrane (area under the
forceedisplacement curve). Stiffness represents the ratio of an increment in
force to an increment in displacement; the slope of the forceedisplacement
diagram. Note that these mechanical characteristics are not strictly equivalent
to the engineering properties of stress, modulus of elasticity, toughness, and
strain. (Reproduced from Biology of Reproduction [17] with permission.)
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placental area and the cervical area. This is likely to have contributed to the 

wide variation in membrane tensile strength noted in the results presented.
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Sample, mode of delivery Protocol Results Reference 
AM, vaginal delivery Strain to #,  

10 mm/min 
TM 19 N/mm2 
UTS 3.94 N/mm2 
ε to # 0.32 

Oxlund et al, 1990 
(48) 

AM, elective LSCS  Strain to #,  
10 mm/min 

TM 29.5 N/mm2 
UTS 6.60 N/mm2 
ε to # 0.4 

Helmig et al, 1993 
(13) 

AM, elective LSCS, vaginal 
delivery, preterm delivery 

Puncture testing, force to #, 
performed manually 

Force calculated: 
Term, LSCS 3.18 N 
Term, labour 2.10 N 
Preterm labour 4.30 N 

Oyen et al, 2004 
(71) 

AM, elective LSCS Strain to #, 
 0.25 mm/s 

TM 0.63 N/mm 
UTS 1.65 N 
ε to # 4.22 mm 

Oyen et al, 2004 
(70) 

AM, elective LSCS,  
Vaginal delivery, preterm delivery 
(<32/40, 32-36/40) 

Puncture testing, 
force to #, performed manually 

Force calculated: 
Term, LSCS 3.62 N 
Term, labour 2.89 N 
Preterm (<32), LSCS 4.31N 
Preterm (<32), labour 4.69 N 
Preterm (32-36) LSCS 4.05N 
Preterm (32-36) labour 3.55 N 

Oyen et al (2006) 
(72) 

AM, vaginal delivery Strain to # after 10 cycles of 
load/unload, 50µm/s 

TM 3000 KPa 
UTS 400 KPa 
ε to # 20% 

Borazjani et al, 
2011 (86) 

AM, 17-42 weeks gestation, 
elective LSCS, vaginal delivery 

Deflection to # using puncture 
testing, 50mm/min 

Variation with gestational age, 
measured in grams to burst (gf) 
250 gf at 39-42 weeks 
>400gf at 34-38 weeks 

Pressman et al , 
2002 (38) 
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<200gf <20 weeks 
 

FM, elective LSCS, vaginal 
delivery  

Puncture testing, 8.4cm/min until 
membrane rupture 

Rupture strength: 
LSCS 10.67 N 
Labour 10.13 N 

Pandey et al 
(2007) (19) 

FM, elective LSCS Strain to #, 0.5% nominal strain/s, 
after 5 cycles of load/unload 

TM 2.10 MPa 
UTS 0.268 MPa 
ε to # 57.53% 

Jabareen et al, 
2009 (8) 

Table 6: Describing examples of studies investigating the mechanical properties of the fetal membranes. (LSCS = lower segment 
caesarean section, # = failure, TM = tangent modulus, UTS = ultimate tensile stress, ε to # = strain to failure). TM, also known as 
Young’s modulus, quantifies the stiffness of a tissue and is the most commonly reported mechanical property of a material. UTS 
describes the maximum stress applied to the tissue before failure. ε to # describes the maximum strain value at which the whole 
membrane failed.118 A more comprehensive description of TM, UTS and ε to # is presented later in the thesis, along with the 
methods to calculate the values. 
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Table 7: Comparison of the tensile strength of the fetal membranes to commercially produced materials using an industrial grade 
materials tester by Lloyd Instruments. Reproduced from Pressman et al, 20023

Volume 187, Number 3 Pressman, Cavanaugh, and Woods 673
Am J Obstet Gynecol

In this series of patients, several exhibited clinical
chorioamnionitis in labor or at delivery. These patients
were included in the analysis to determine whether signs
or symptoms of overt maternal bacterial infection con-
tributed to identifying chorioamnion membranes with
less tensile strength.

Material and methods
Ten centimeter by 10 cm segments of chorioamnion

were obtained from 35 placentas (27 singletons, 4 sets of
twins) at the time of delivery. Gestational age at delivery,
the presence or absence of clinical chorioamnionitis, and
the indications and mode of delivery were recorded. If
the attending obstetrician requested pathologic evalua-
tion of the placenta, this information also was obtained.
No patient-identifying information was retained.

Each chorioamnion membrane segment with adherent
decidua was rinsed with saline solution and then locked
onto a plastic stage within 1 hour of delivery. Tensile
strength was tested by use of an industrial-grade materials
tester by Lloyd Instruments and NEXYGEN software (Fare-
ham Hampshire, UK). A rounded 3-mm diameter probe
applied force at the membrane test site and was recorded
as a deformation curve. The probe was advanced at a speed
of 50 mm per minute through a 1.3-cm port over which the
chorioamnion membrane was secured. Measurements in
grams of maximum load and deflection at membrane
break point were recorded. Each membrane was tested in
multiple locations, 2 to 16 per placenta. Measurements for
each fetus were averaged. The membranes obtained from
twins were analyzed individually.

To provide standards against which the strength of the
chorioamnion could be compared, several commercially
available products were also tested with the Lloyd instru-
ment and NEXYGEN software in an identical manner to

that of the chorioamnion samples. The results were com-
pared with those from the chorioamnion.

Intra-assay coefficients of variation were calculated for
both the chorioamnion membranes and the commercial
products. Sixteen measurements of each sample yielded
a coefficient of variation of 13.7% for the chorioamnion
and 2.6% for Saran Cling Plus (S.C. Johnson and Sons,
Inc, Racine, Wash). Interassay coefficients of variation
were 25.1% and 10.6% for the chorioamnion and com-
mercial products, respectively (10 duplicate measure-
ments).

Analysis of variance and Student t tests were performed
to assess the differences in tensile strength at different
gestational ages, different locations of the chorioamnion,
and different commercial products. P < .05 was consid-
ered statistically significant.

Results
Gestational age ranged from 17 to 41 weeks’ gestation

with a mean of 32.7 weeks. Eight patients were delivered
vaginally after labor at term and six were delivered by
elective cesarean section at term. Preterm labor was re-
sponsible for delivery of 12 patients, whereas preterm
premature rupture of membranes (PPROM) accounted
for 6 deliveries. Clinical chorioamnionitis (characterized
by maternal temperature >38.0°C, uterine tenderness,
and/or maternal or fetal tachycardia) was noted in 6 pa-
tients. Histologic inflammation of the chorioamnion was
found in 5 patients. Of note, only two membranes were
noted to be grossly inflamed.

The tensile strength of the chorioamnion varied with
gestational age, as is shown in the Figure. Our data indi-
cate that the chorioamnion gains strength in the early to
mid second trimester (17 to 20 weeks’ gestation), after
which tensile strength appears to plateau until 38 to 39

Table I. Comparison of the chorioamnion to commercial products

Grams to burst (mean ± SD) Deflection at rupture (mean ± SD)

Chorioamnion (20-38 wk) 392 ± 110 5.7 ± 2.0
Reynolds wax paper (Reynolds Consumer Products, Richmond, Va) 351 ± 79 1.1 ± 0.1
Reynolds aluminum foil 360 ± 14 0.9 ± 0.1
Reynolds plastic wrap 301 ± 60 7.3 ± 0.9
Glad Cling Wrap (Glad Products Co, Oakland, Calif) 263 ± 12 5.1 ± 0.4
Chorioamnion (39-42 wk) 257 ± 68 4.4 ± 0.8
Saran Cling Plus (S.L. Johnson and Sons, Inc, Racine, Wash) 239 ± 6 7.2 ± 0.7

Table II. Effect of chorioamnionitis membrane strength in patients at 20 to 38 weeks’ gestation

No. Grams to burst P value Deflection at rupture P value

No evidence of infection 15 387 ± 125 5.4 ± 2.0
Clinical chorioamnionitis 6 378 ± 94 .86 6.0 ± 2.2 .60
Histologic inflammation 5 379 ± 95 .87 6.4 ± 0.5 .39
Gross inflammation 2 260 ± 18 .002 5.0 ± 1.3 .77
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The effect of labour on the strength of the membranes has been tested 

using both uniaxial and puncture testing. The experiments tested the 

difference in mechanical properties between term laboured and unlaboured 

groups (i.e. elective caesarean section). Some authors found a decrease in 

the strength of the AM from women who had experienced labour, but this was 

not always significant.71,72,114 

Studies have also investigated membranes rupturing after the onset of 

labour (either spontaneously or artificially by an Obstetrician or Midwife) and 

comparing them to membrane rupturing before the onset of labour (i.e. 

PROM) at term. No statistical difference in biaxial burst testing was seen 

between these groups.50 

The tensile strength of the fetal membranes at different gestations has 

been measured using burst testing. One study found that the tensile strength 

of whole fetal membranes increased until 20 weeks gestation, at which time it 

plateaued until 39 weeks gestation. At this time point, the membranes 

weakened again (figure 15).38 Other studies also show that the preterm 

membrane is stronger than term membrane (see previously).1,71,72,114 Many 

theories have been suggested as to reason. Fusion of the amnion and the 

chorion by 18 weeks gestation may play a part in the increased strength at 

this time. Towards term, an increase in collagen degradation may explain why 

the membranes weaken again.38  
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Figure 15: The burst strength of the fetal membranes at different gestations 
(all labouring women). The author describes a wide variation in tensile 
strength of the fetal membrane between 20-39/40. This may reflect the way in 
which specimens were cut, which part of the membrane was sampled 
(placental versus cervical) or the fact that the whole fetal membrane was 
sampled, not just the AM. Reproduced from Pressman et al38 

 

1.12.1 Testing repetitive strain in the AM 

The majority of experiments have concentrated on the force required to 

rupture the fetal membranes applied at one time. What occurs in the human 

body though, is repeated stretching of the fetal membranes before and during 

labour. It is this repeated stretching that is thought to cause the membranes to 

weaken and subsequently rupture, rather than one large stretch.  

To test this hypothesis, one group performed experiments in which the 

whole fetal membrane or membrane separated into chorion and AM 

underwent cyclical testing using an industrial rupture testing machine to 

assess rupture strength. They hypothesized that repeated stretch would 

cause the membranes to weaken in such a way that increasing cycles of 

stretch would lead to a lower strength requirement to rupture the membranes. 

The membranes from term women delivered by caesarean or vaginally were 

stretched to 50% or 75% of the rupture strength of the control group (un-

stretched sample) in 10-second cycles for 5 or more cycles, with one minute 

between cycles. The study initially found the rupture strength increased (by 

674 Pressman, Cavanaugh, and Woods September 2002
Am J Obstet Gynecol

weeks’ gestation. A dramatic and statistically significant
decrease in chorioamnion membrane tensile strength is
noted after 39 weeks’ gestation.

The decrease in tensile strength after 39 weeks’ gestation
was not related to the presence of labor. Of the 10 mem-
branes examined in this gestational age group, five patients
underwent elective cesarean deliveries without labor. The
tensile strength measurements for these five were the same
as the measurements for the five who labored before deliv-
ery (252 ± 54 g of force vs 261 ± 75 g of force, P = .84).

On the basis of our early observations that tensile
strength varied within each chorioamnion, a subgroup of
five membranes each was sampled in four locations.
Three blocks of four tests were taken adjacent to the re-
flection of the chorioamnion off the placental chorionic
plate, and one block of four tests was taken adjacent to
the exit tear made by the fetus at delivery. Tensile
strength adjacent to the chorionic plate did not differ
from tensile strength adjacent to the point of rupture
(381 ± 141 g of force vs 331 ± 147 g of force, P = .61). In
addition, the three locations adjacent to the chorionic
plate did not differ significantly (398 ± 102 g of force, 401
± 73 g of force, and 374 ± 71 g of force, P = .76).

Tensile strength measurements from commercial prod-
ucts provide a reference, which underscores the remark-
able strength of the chorioamnion. Aluminum foil and
wax paper exhibited tensile strength in the upper range
of the tensile strength measurement obtained from the
chorioamnion but demonstrated no compliance (Table
I). Plastic wrap products, in contrast, exhibited lower
strength characteristics more similar to those of the
chorioamnion segments at term and demonstrated simi-
lar compliance before bursting. These commercial prod-
ucts did show very little variation in tensile strength, as
exhibited by the very low SDs.

Clinical chorioamnionitis does not appear to affect ten-
sile strength in a predictable pattern. When the six pa-
tients with clinical chorioamnionitis were compared with
patients without evidence of infection, grams to burst and
deflection at rupture were not different (Table II). This
also was true for the six patients with histologic evidence
of inflammation. Gross membrane inflammation, charac-
terized by notable opacity of the membranes, did lead to
a decrease in grams to burst but not deflection at rupture
in the two patients with this membrane characteristic.

Comment
Our results indicate that the tensile strength of the

human chorioamnion exhibits a triphasic curve. In the
mid second trimester (18 to 20 weeks’ gestation), an in-
crease in tensile strength is noted that plateaus from 20 to
39 weeks and then drops precipitously, possibly in antici-
pation of delivery.

An increase in tensile strength at 17 to 20 weeks logi-
cally could result from fusion of the chorioamnion to the
maternal decidual tissue, leading to increased stimula-
tion of collagen production by fibroblasts. A marked de-
crease in fetal fibronectin in vaginal secretions is noted at
this time and is attributed to this fusion process.1

The tensile strength of the chorioamnion then appears
to stabilize from 20 to 38 weeks’ gestation. During this ex-
tended period from 20 to 38 weeks’ gestation, a wide vari-
ation in membrane tensile strength is noted. It would
seem that, for many patients, the chorioamnion has even
greater tensile strength than is required to maintain in-
tegrity. This considerable biologic redundancy may exist
in the membrane to prevent PPROM. In membranes of a
single placenta sampled multiple times, each placenta ex-
hibited its own profile with a range of approximately 100
g to burst above and below its mean.

Beyond 39 weeks’ gestation, all membrane segments
exhibited a reduction in grams to burst. These observa-
tions are consistent with those of other investigators who
have found that the healthy chorioamnion membrane, at
term, exhibits an increase in the collagenolytic enzyme,
metalloproteinase-9, a process that correlates at 39 to 40
weeks’ gestation with a decrease in membrane tensile

Figure. A, Tensile strength of the chorioamnion in grams of
force (gf) by gestational age. P = .005 between groups by analysis
of Variance; P = .04 between <20 weeks and 24-28 weeks; P = .008
between 34-38 weeks and 39-42 weeks by Student t test. B, Elas-
ticity of the chorioamnion as measured by millimeters of deflec-
tion before rupture. P = .44 between groups by analysis of
cariance.
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between 20-40% of the controls), but work to rupture decreased after the 10-

second cycle stretch phase. This was true for membranes stretched to both 

50% and 75% of the rupture strength, from vaginal and caesarean section 

deliveries. After a large number of cycles (20-50), the rupture strength did 

finally decrease in the vaginally delivered group, but it took more than 150 

cycles of stretch at 50% of the baseline for the rupture strength to decrease in 

the caesarean section group. The membranes from caesarean section 

deliveries did not weaken at all when stretched at 75% of the baseline.19  

The authors considered that the reason for the initial increase in 

strength might be due to the collagen fibres in the fetal membranes realigning 

during the initial stretches, thus making the membrane stronger, (similar to the 

effect of stretching skin). They speculated that this may be a protective 

mechanism of the fetal membrane to prevent rupture during pregnancy, which 

may ultimately fail after many cycles of stretch.19 The experiments described 

in this study were only short-term (limited number of stretches over ten 

second periods) whereas what happens in the body during labour lasts much 

longer. The choice of 50% or 75% stretch from baseline is unclear and the 

study did not consider the initial orientation of the collagen fibres. 

 In contrast to the above, some studies investigating cyclical straining 

have found a decrease in force to rupture in samples that have come from 

laboring women or after cyclical straining. Toppozada et al33 demonstrated 

that the contraction which resulted in fetal membrane rupture in labouring 

women was not necessarily the strongest contraction. They stated that the 

fetal membranes weakened with the previous contractions and so the 

membranes ruptured at a lower force. Oyen et al71 found that laboured AM 

and whole fetal membranes were weaker than non laboured AM using 

puncture testing to failure (4.26 ± 1.09 vs 4.04 ± 1.52 in whole FM and 3.18 ± 

0.37 vs 2.10 ± 0.68 in AM p<0.05 in AM group only). The AM was sampled 

from the periphery of the AM and not from other areas. The study failed to 

consider the orientation of the collagen fibres within the AM. 

 Lavery et al114 tested fetal membranes from both vaginally delivered 

and caesarean section cases at term using puncture testing. The membranes 

were subjected to cyclical deformation in 10 cycle increments until rupture or 
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until 100 cycles was reached. 85% of all membranes had ruptured by 100 

cycles. Vaginally delivered membranes ruptured earlier than those delivered 

by caesarean section, although no figures were given. Again, only whole 

membranes were tested, there was no mention of the site of membrane 

sampling and collagen fibre orientation was not considered.  

1.13 Mechanical properties of AM under pathological conditions 

 The mechanical properties of the fetal membranes have also been 

assessed under different pathological conditions. As mentioned above, 

membranes have been incubated with certain bacteria and burst testing has 

shown a decrease in strength in membranes incubated with bacteria in a dose 

dependent manner.25 

Experiments led by Kumar et al35 in which fetal membranes were 

incubated with different concentrations of TNF and IL1β and then strength 

tested, using the puncture method, showed weakening of these membranes 

in a dose dependent manner. TNF and IL1β induced MMP-9 expression and 

decreased TIMP-3 expression, again in a dose dependent manner. This is 

believed to cause collagen remodelling and apoptosis and thus, a decrease in 

membrane strength. The concentration of both these cytokines increase 

during labour.35 

1.14 Hypothesis 

Given the above evidence, I hypothesise that 
  

1) fibre orientation within the AM will influence its mechanical properties 

with specimens where fibres are strained in parallel should be stronger 

than specimens where fibres are strained in perpendicular, 

2) repetitive strain of the membrane will influence catabolic mediators 

within the AM, which can cause membrane weakening, tissue 

remodelling and ultimately lead to PPROM and that 

3) this effect will be more marked in the zone of altered morphology, and 

that 
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4) membrane integrity is influenced by collagen and elastin fibres and 

changes in their orientation within the AM as well as enhanced 

metabolism is central to PPROM. 

 

1.15 Aim 

• To investigate the biochemical and mechanical response of the AM to 

in vitro uniaxial strain  

• To observe any changes in the collagen and elastin content and 

orientation of the collagen and elastin fibres in the response to 

repetitive strain  
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2.0 Materials and Methods 

2.1 Fetal membrane sample collection 

Specimens were collected from the labour ward at University College 

London Hospital (UCLH). Women undergoing elective term caesarean section 

were identified on the day of sample collection. At least one hour before the 

surgery they were asked to read a Patient Information Leaflet about the study, 

after which if they were happy to participate, they signed a consent form. The 

Joint UCL/UCLH Committees on the Ethics of Human Research (Committee 

A) gave ethical approval for the study (Prediction of Pregnancy Outcome 

using Maternal Serum and Ultrasound Markers from Early Pregnancy, Ref 

05/Q0505/82). 

The caesarean sections were performed in labour ward theatres under 

epidural or spinal injection. After cleaning the skin with antiseptic solution and 

draping with sterile drapes, the surgeon made a low transverse incision in the 

skin of the abdomen and using both blunt and sharp dissection, cut down 

through the skin, subcutaneous fat, the rectus sheath and the parietal 

peritoneum was opened. Once the peritoneal cavity of the abdomen was 

reached, the visceral peritoneum over the bladder was divided and the 

bladder was gently reflected off from the anterior uterine wall to expose the 

lower uterine segment. The anterior uterine myometrium was opened with a 

clean blade using a transverse incision. The membranes were then opened 

and the fetus presenting part (usually head, sometimes the buttocks) was 

identified and delivered from the uterus with gentle pressure. The umbilical 

cord was clamped and cut. After this and before delivery of the placenta, a 

small clip was placed on the lower edge of the membrane for easy orientation 

of the membrane after delivery. The placenta was then removed from the 

uterine cavity by gentle traction on the umbilical cord and external pressure on 

the fundus, and placed into a sterile kidney dish by the surgeon. This was 

then collected from theatre and taken directly to the prepared cleaned 

laboratory safety cabinet in the sluice room opposite labour ward theatre. The 
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rest of the caesarean section operation was completed by suturing the uterus, 

controlling any other bleeding and carefully suturing all the other layers.  

Once in the cabinet, the placenta and membranes were laid out flat 

onto the surface so that all cut edges were identified. Using the clip placed 

onto the edge at the time of the caesarean section the edge nearest the cervix 

was identified. Carefully, the chorionic membrane was stripped away from the 

amniotic membrane up to the level of the cord insertion. Samples were 

dissected into approximately 5 cm x 5 cm dimensions (4-5 specimens in total), 

washed with Earle’s Balanced Salt Solution (EBSS, Sigma, Poole, UK) and 

transported to QMUL in 10 ml Dulbecco’s Modified Eagle’s Medium (DMEM, 

Sigma, Poole, UK) solution at room temperature. Please see appendix 1 for 

further details. 

 

	

Figure 16: The placenta and membranes at sample collection after delivery. 
A: the fetal side of the placenta and membranes showing the cord insertion 
point. B: the opposite side showing the maternal side of the placenta, which 
attaches to the uterine wall.  
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2.2 Fetal membrane cutting 

A variety of different techniques were examined to generate 

reproducible dumb-bell shaped AM samples with specific dimensions (10 mm 

x 20 mm), illustrated in figure 16. Please see appendix 2 for further details. 

 . 

 

Figure 17: ‘dumbbell’ shaped specimen required for the tensile strain machine 

 

Techniques previously reported in the literature such as using specialised 

membrane cutters or filter paper8,15,17,19,44,70,71,72 were examined as follows.  

 

1. Hand cut – A scalpel and flexible blade was used to cut out the shapes 

by hand using a stencil template made from A4 paper.  

2. 2D Template - A stainless steel 2D template in the correct dimensions, 

the samples were cut around this template (figure 17) 

3. Filter paper – With the correct dimensions stencilled onto the filter 

paper, the AM was sandwiched between 2 pieces of filter paper and 

the dumbbell shape cut out    

4. Aluminium foil - Aluminium foil used in a similar way as to the filter 

paper  



	 60	

5. 3D Template  - A stainless steel 3D template (almost like a ‘cookie 

cutter’) was used to cut out exact shapes from the AM tissue. This was 

made by the engineering department of QMUL (figure 18) 

 

Figure 18: The 2D template 

 
 

Figure 19: The 3D membrane cutter 

 

A B 
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Once at the laboratory, the samples were cut from the AM using the above 

methods. The samples were kept hydrated using DMEM and dimensions 

measured using digital callipers (Fisher Scientific, Loughborough, UK) and 

weighed (using a microscale (Balance Technology, London, UK)).  

 

2.3 Tissue digestion 

 After initial optimisation experiments, the AM samples were incubated 

overnight in a solution of 5µl papain and 100µl digest buffer at 37oc. The next 

morning, the tubes were placed into 60oc incubator for 1 hour to denature the 

papain. The samples were then stored at -5oC until further analysis. We 

initially chose papain to digest the tissue samples as this was a well 

established approach repeated in many of the references read. We wanted to 

continue an established approach and make our results comparable. Please 

see appendix 6. 

2.4 Glycosaminoglycans assay 

 Sulphated GAG (sGAG) assays were performed in duplicate for both 

media and digested tissue specimens using previously established 

methods.
123 Briefly, a standard curve was created using a concentration of 

1mg/ml bovine chondroitin-4-sulphate (C4S, Sigma, Poole, UK). 

Dimethylmethylene blue (DMB) dye solution (0.1µg/ml) was added to the 

standards at a concentration range of 5 to 50 ug/ml, and the absorbance was 

measured at 595 nm (Ascent, BMG, Labtech, USA). All values were 

normalized to wet weight and area (cm2) of AM tissue. Please see appendix 7 

for further details. 

2.5 DNA assay 

 DNA synthesis was measured in media using a well-established 

method.124 In brief, standards were made using digest buffer and DNA 

standard at a concentration of 20µg/ml  (Sigma, Poole, UK). Hoescht reagent 

(10mg/ml) (Sigma, Poole, UK) was added to all standards and samples and 
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read by a fluorimeter (BMG, Labtech, USA). The values obtained for DNA 

were normalized to wet weight and area (cm2) of AM tissue. Please see 

appendix 8 for further details. 

2.6 Fibre staining protocol 

 During initial tensile strain experiments, I considered that the direction 

of fibre orientation might influence the mechanical properties of the AM. It was 

therefore decided that a staining method would be developed to 

macroscopically stain fibres within the AM to identify fibres and allow strain to 

be applied oriented to the direction of the fibres.  

For these experiments, the whole placenta and membrane was taken 

for sampling and analysis at the laboratory in QMUL. The chorionic 

membrane was again separated from the AM and the AM cut away from the 

placenta. The orientation of the membrane to the placenta, incision line and 

cervix was noted throughout the procedure. The AM was washed in EBSS to 

remove any debris and blood clots. It was then stained with India ink. India ink 

can successfully stain collagen fibres in knee cartilage,119-121 and I hoped that 

an adaptation of this method could be employed to identify fibres within the 

AM. Please see appendix 4 for further details. 

Methods examined: 

1. Undiluted India ink staining of the AM, followed by immediate 

a. Macroscopic (n=1) and 

b. Microscopic visualisation (n=2) 

2. Solution of India ink and DMEM (ratio of 1:2) painted on surface of AM 

and allowed to incubate for 1 hour at 37oC (n=2) 

3. Solution of India ink and DMEM (ratio of 1:2) painted on surface of AM 

and allowed to incubate for up to 72 hours at 37oC (specimen was 

checked every 24 hours for fibre staining) (n=2) 

4. Solution of India ink and PBS (ratio of 1:5) painted on surface of AM, 

followed by 

a. 15 sec incubation at 37oC (n=1) 

b. 1 hour incubation at 37oC (n=1) 

c. 24 hour incubation at 37oC (n=1) 
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5. AM surface pricked with fine bore needle multiple times prior to 

painting with India ink, washed off using PBS after 15 sec (n=3) 

6. AM surface pricked with fine bore needle multiple times prior to 

painting with solution of India ink and PBS (ratio of 1:5), washed off 

using PBS after 15 sec (n=3) 

 

Each method was performed with the AM subdivided, in order to perform 

multiple staining methods on each AM.  Again, the orientation of the AM 

samples to the placenta was carefully noted throughout the procedures.  

 Once the fibres had successfully been identified, a fibre ‘map’ was 

created demonstrating the orientation of the fibres throughout the AM. The 

method was repeated several times and each map compared in order to 

establish if there was consistency between AM samples derived from different 

women.  

2.7 Confirmation of fibre orientation 

To confirm that the India ink staining method was correctly identifying 

fibres, specimens underwent Van Gieson and Miller’s staining for collagen 

and elastin fibre identification respectively using established protocols.122 

We also used multiphoton microscopy82 to identify fibre orientation 

within cut specimens. All specimens were cut from the cervix and placental 

regions either in parallel or perpendicular to the fibre orientation. These 

specimens were then fixed using 4% paraformaldehyde (PFA, Sigma, Poole, 

UK) for one hour and stored in phosphate buffer solution (PBS, Sigma, Poole, 

UK) at 4oc until examined.  

2.8 Mechanical testing of AM 

The AM was mechanically tested in strain to failure experiments. 

Specimens (n=12-22 per AM) were cut from AM nearest the cervix and 

placenta to a standard shape (10 x 25mm). Each specimen was cut so that 

the identified fibres within it were either in parallel or perpendicular to the 

direction of force placed on the AM specimen within the mechanical testing 

system (MTS, Bionix100, 50N cell load, MN, USA, Figure 19).  



	 64	

 

  

Figure 20: The Bionix100 mechanical testing system used to perform strain to 
failure experiments. Specimens are loaded onto the equipment between the 
clamps where indicated (white and black single arrow). A: The MTS loaded 
with the specimen between the clamps (white arrow). B: a schematic 
representation of the MTS with the specimen represented by a shaded area 
(black single arrow). The double arrow represents the direction of the 
movement 

 

Cut specimens were initially placed on aluminium foil to prevent the 

edges curling during mounting and kept hydrated using a spray solution of 

PBS. The foil was removed once the specimen was within the clamps of the 

MTS (Figure 19). The clamps were then moved apart to produce minimum 

tension within each specimen and the distance recorded. The distance moved 

varied for each specimen and was essential to remove the tail from the stress-

strain curve generated. AM specimens were then subjected to force at a strain 

rate of 0.25mm/s using the 50N cell load until failure. This strain rate was 

adapted from the methods of a previous study on AM.70 Data for force and 

deformation was continuously collected at 500 data points per second. 

Tangent modulus (TM), ultimate tensile stress (UTS) and strain to failure (ε to 

A B 
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#) values were calculated from the stress-strain graph for each specimen. 

Please see appendix 5 for further details. 

Initially, the thickness for each specimen was derived from previous 

literature,70 however, this study did not take into consideration the different 

thickness of the AM at the placenta and the cervical ends. The thickness of 

each AM sample was therefore determined at 3 points along the specimen 

using a laser micrometer (Mitutoyo, LSM-600, China) and averaged. 

TM, also known as Young’s modulus, quantifies the stiffness of a tissue 

and is the most commonly reported mechanical property of a material. 

Rubber, for example, has a low Young’s modulus, whilst oak wood is high. 

The value is calculated from a stress-strain graph by taking the values at the 

straightest point of the curve and dividing the tensile stress by the tensile 

strain. UTS describes the maximum stress applied to the tissue before failure 

and is usually taken as the maximum point of the stress-strain curve. In this 

study I used the value at which the first break in the membrane occurred, 

identified by the change in the curve before rupture. ε to # describes the 

maximum strain value at which the whole membrane failed.125  
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Figure 21: An example of a typical stress/strain graph illustrating how to 
calculate tangent modulus (TM), ultimate tensile stress (UTS) and strain to 
failure (ε to #)  

	  

UTS 

TM 
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2.9 Tensile strain experiment set-up 

 The Bose machine (Bose Enduratec, UK) was used to perform the 

tensile strain experiments. This equipment allows repetitive strain to be 

applied to a sample according to a predefined regimen over time. This 

machine is made up of eight chambers in which samples are placed and 

vertically displaced during strain. (figures 21 and 22).  

                

Figure 22: The Bose chamber. A: the different components which make up 
the Bose chamber. B: the set up Bose chamber without a membrane 
specimen. (i) the glass cover; (ii) top screw which will screw into the Bose 
chamber, the bottom part of this will have the specimen fastened into it; (iii) 
the specimen chamber; (iv) the cover plate which will cover the specimen 
before it is screwed into place (this attaches to the top screw); (v) assortment 
of screws used to secure the specimen; (vi) the second cover plate which will 
cover the specimen (bottom part of specimen chamber); (vii) the top screw 
plate; (viii) the bottom screw plate. 

 

The Bose equipment was set up as previously described.126 (Please 

also see appendix 3 for further details). The specimens were initially weighed 

after dehydrating them for 5 min in room air to account for the water weight. In 

relation to setting up the AM samples within the machine, it was easier to 

manipulate the specimens when hydrated and so 2-3 drops of DMEM was 

added to each specimen before manipulation and also to the base of the 

chambers in order to prevent the edges of each specimen from curling up on 

itself. It was also best not to allow the specimens to be taut once in the 

chambers, as when the specimens were screwed in, this tightened the 

specimens in place and could lead to tearing. For cyclical tensile strain 
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experiments the specimens were aligned so that the fibres were in parallel to 

the direction of force applied to the specimen. Perpendicular specimens were 

not tested. 

 

 

Figure 23: A: A Bose chamber containing a specimen of tissue already 
screwed in, incubated in DMEM. Note the small air bubble at the top of the 
chamber (indicated by white arrow). B: The loaded Bose chambers were then 
placed into the clamps of the chamber holder. C: A schematic representation 
of the loaded Bose chambers clamped to the chamber holder. Black single 
arrow indicates the window of the chamber. Black double arrow represents 
the direction of movement once chamber holder is loaded and the experiment 
is started 

 
The specimens were incubated at 37oC when in the Bose system with 

21% oxygen concentration, 5% CO2 concentration and a humidity of 99%. 

The specimens were subjected to 2% strain, at a frequency of 1Hz for 1 min, 

with a 9 min rest. This 10 min protocol was continued for a 24 hour period. 

This protocol was used to try to mimic early “threatened” labour where 

contractions may be spaced apart to one ‘contraction’ every 10 min. Control 

specimens were cut in the same manner as the strained specimens, bathed in 

1ml of DMEM and placed in the Bose bioreactor at 37oC for the duration of 

the experiment but did not undergo repetitive strain.  

	

A B C 
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Upon completion of the experiments, media was immediately collected 

from the Bose and tissue samples were separated for both control and 

strained samples. Samples were immediately snap frozen and stored at -

80oC, ready for further analysis.  

 

 

Figure 24: The bioreactor with the loaded Bose chambers screwed into place. 
Control unstrained AM specimens are also kept in the bioreactor for the 
duration of the experiment 

 

2.10 Cell viability 

Cell viability in AM was assessed using fluorescence microscopy. The 

dyes used were ethidium homodimer, 1mM solution in DMSO and calcein AM 

(both Sigma, Poole,UK), 1mg/ml solution in DMSO. For analysis, the whole 

AM tissue sample from the strain machine was used. A section of the middle 

portion was dissected (5mm x 5mm) as this avoided the areas that had been 

damaged during clamping, which were more likely to contain dead cells. 

Control samples were also used. The dissected AM was incubated with a 

solution of DMEM (2ml), ethidium homodimer (5µl) and calcein (5µl) at 37oC 

for 20 mins.  
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 The samples were then washed and fixed in 4% PFA for 15 mins at 

37oC. Samples were examined using an inverted light microscope (Leica, 

Mircosystems, Milton Keynes, UK) at magnification of 20x. An area with a 

good selection of cells was identified and the number of alive and dead cells 

was counted.  

2.11 Collagen assay 

 Collagen assays were performed in duplicate on pepsin digested tissue 

specimens using a standard Sirius red protocol. Tissue digestion was 

achieved using pepsin and acetic acid, as papain would damage the triple 

helix structure of the collagen and prevent binding of the Sirius red dye.15 

Briefly, 1mg/ml of pepsin (Sigma, Poole, UK) was dissolved in 0.5M acetic 

acid, added to the tissue specimens and placed on a lab rocker at 4oc for 48 

hours. After centrifuging (IEC CL31 multispeed, Thermo Scientific, 

Hampshire, UK), the pellet and supernatant were separated and frozen (-80oc 

for 24 hours). Hydrochloric acid (HCl, 37% or 12M) was added to the pellet, 

which was mixed and placed in an oven at 115oc for a further 24 hours. After 

this, the hydroxyproline protocol was followed. Collagen standards were made 

using 0.5M acetic acid and collagen stock solution (QuickZyme Biosciences, 

Netherlands). Sirius red solution was added to all standards and samples in a 

96 well Millipore plate. The plate was covered and allowed to precipitate for 

30mins. The solution was removed and washed by vacuum aspiration. 

Sodium hydroxide (20g/l) was added to each well and mixed for 30 mins. After 

this, the standards and samples were transferred to a Maxisorp 96 well plate 

and read using a spectrometer, absorption at 340nm (Ascent, Labtech, USA). 

Please see appendix 9 for further details. 

2.12 Elastin assay 

Elastin assays were performed on whole tissue samples using the 

Fastin Elastin Assay Kit (Biocolor Life Science Assays, Co Antrim, UK).100 To 

digest tissue specimen, whole tissue was incubated with oxalic acid (750µl of 

0.25M) at 1000C for one hour using a heat block (Grant QBT 2, Severn Sales 

laboratory Equipment, Bristol, UK). The samples were then centrifuged at 
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10,000rpm for 10 min. The supernatant was collected, ready for the assay 

and run in duplicate. Absorbance was measured at 540nm using a 

spectrometer (Ascent, Labtech, USA). Please see appendix 10 for further 

details. 

2.13 Prostaglandin (PGE2) assay 

PGE2 assays were performed using a standard kit (R&D Systems, 

Abingdon, UK). Briefly, all samples were diluted 3-fold using calibrator diluent 

RD5-56. Standards were prepared using PGE2 stock (25,000pg/ml). 

Standards and samples were added to the microplate supplied by the 

company (in duplicate). The protocol was followed carefully and the plates 

were read within 30 minutes of adding the stop solution (sulphuric acid) using 

a microplate reader set at 450nm (Ascent, Labtech, USA). Please see 

appendix 11 for further details. 
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3.0 Results 

3.1 Recruitment of patients for fetal membrane collection 

46 women undergoing elective caesarean section at University College 

London Hospital provided fetal membrane samples between March 2011 and 

December 2012. The mean gestational age of these women was 39 weeks 

(range 38+0 – 41+4 weeks). The most common ethnicity was Caucasian with 

Asian and Afro-Caribbean ethnicity following. 
The mean maternal age was 32.7 years (range 28 - 47 years). The 

primary indication for caesarean section was most commonly previous 

caesarean section, maternal medical condition (such as cardiac problems), 

breech presentation, maternal request and placenta praevia. The fetal 

problems was a maternal history of previous neonatal death. 

 

	

Figure 25: The primary indication for elective caesarean section in our sample 
population (pp-placenta praevia) 

3.2 Optimisation of membrane cutting technique 

The first step of the experiments was to design a method to best cut 

the AM in a reproducible and accurate way, so that the membrane shape fit 

the tensile strain machine. Using the 5 methods of cutting described, samples 

were cut from the AM (n=23-29 per group) and the dimensions of each cut 

Previous cs 46% 

Medical problems 15% 

Mat request 13% 

Twins 11% 

Breech 7% 

PP 7% 

Fetal problems 2% 
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sample was measured using callipers, aiming to achieve dimensions of 1cm 

by 2cm, with a ‘dumbbell’ shape to each specimen.  

The AM was difficult to work with as it slips very easily and if it is not 

kept hydrated, the edges curled in on themselves. For each cutting method 

attempted, the difficulties encountered are described below, with figures used 

to illustrate the shapes and dimensions produced with each method. 

3.2.1 Hand-cutting the AM 

This method was the easiest to use in order to cut the 1cm by 2cm 

shape of each sample, but it was not possible to produce the dumbbell shape 

required using the blade. A flexible blade was also used in order to create the 

dumbbell shape, but it was not achievable (figure 26). 

 

 

Figure 26: AM samples cut using a scalpel blade (hand cut, black arrow) and 
a 2D template (white arrow). It was not possible to create a ‘dumbbell’ shape 
to the sample with either method. 

3.2.2 Using a 2D Template to cut the AM 

With the 2D template, the membrane kept sliding under the template 

and so no clean edged shape could be produced. I attempted to ‘sandwich’ 

the membrane between two templates and cut around the shape, but again, it 

was not possible to achieve an adequate shape (figure 25). 
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3.2.3 Using filter paper to support the AM while cutting 

For this technique, the membrane was supported on the filter paper 

and the required shape was cut using sharp scissors. The membrane was 

kept hydrated using droplets of DMEM, but the filter paper kept absorbing the 

liquid and once the filter paper was saturated with DMEM, it would 

disintegrate. Cutting out the shape of the sample was straightforward, but 

when the membrane was removed from the filter paper, it always tore as it 

had adhered to it to such a degree (figure 27). 

 
 

Figure 27: The shape of the AM sample after cutting using a filter paper. The 
filter paper absorbed much of the moisture from the specimen and so when it 
was removed from the filter paper, it tore. The sample has also curled into 
itself thus producing a ‘thicker’ membrane 

3.2.4 Using aluminium foil to support the AM while cutting 

This method was used as it was thought that the aluminium foil would 

not absorb any moisture from the AM which was supported on it. There were 

problems with this method, however. The membrane again kept sliding across 

the foil, even when ‘sandwiched’ between two pieces of foil. The shape 

produced was smaller than required, but the dumbbell shape was usually 

achievable.  

 3.2.5 Using a 3D template 

This method produced the best results (figure 28). The cutter was 

placed on top of the AM and pressure placed onto it in order to cut through 

the membrane. This stopped the membrane from sliding away. This template 

was not able to cut out the shape using pressure alone, so a flexible blade 
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was also used to cut out the shape. If pressure was kept on the template 

whilst cutting, the AM did not slide away. 

 
 

Figure 28: An AM sample cut using the 3D membrane cutter. The ‘dumbbell’ 
shape is created and the sample size is accurate 

3.2.6 The 3D template cutting method gives the most reproducible and 

accurate results.  

The longitudinal and transverse diameters of all the samples cut using 

the five methods were measured. The area of the sample cut was calculated 

and then compared for reproducibility and accuracy. The ideal area to be cut 

would measure 2.0 cm2. 

 

 

 

Cutting 
tecnnique No 

Mean 
width 

cm+/-SD 

Mean 
length 

cm+/-SD 
Mean area  
cm2 +/- SD Area range 

Hand cut 29 1+/-9% 2+/-5% 2.08 +/- 8% 1.80-2.52 

Template 23 0.9+/-14% 2+/-6% 1.86 +/- 15% 1.52-2.53 
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Filter paper 29 1+/-9% 1.9+/-9% 1.89 +/- 16% 1.40-2.53 

Al Foil 25 1+/-9% 1.9+/-5% 1.86 +/-10% 1.52-2.20 

Mem Cutter 29 1+/-7% 2+/-4% 2.00 +/- 8% 1.62-2.31 

 

Table 8: Reproducibility and accuracy of five different cutting methods for the 
AM 

 

 

Figure 29: A box and whisker plot illustrating the wide variation in the range of 
the areas cut using the different methods. The upper limit of the ‘box’ 
represents the upper quarter and the lower limit, the lower quarter. It can be 
clearly seen that the 3D template had the smallest range, thus giving the most 
reproducible results. 

 

Using the 3D template gave the most reproducible results (smallest 

standard deviation) and the most accurate results (mean area closest to 

ideal). The decision was made to use the 3D template for further experiments.  
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3.3 GAG Synthesis in unstrained AM samples 

The next step was to optimise the GAG and DNA experiments in order 

to be able to measure GAG synthesis in the AM tissue samples. This was 

performed to be able to assess collagen synthesis in each sample. The 

weight of each sample was taken into consideration and each results shown 

is the GAG synthesis, normalised for weight. 

GAG synthesis for each area of the AM sampled was compared (n=12-

14 per site). Five areas of the AM were chosen sampled according to the 

diagram below from AM near the cervix (1) which was closest to the zone of 

altered morphology, to AM sampled nearest to the placenta (5) (figure 30). I 

hypothesized that differences would most likely be observed in samples taken 

from the cervix (1) closest to the zone of altered morphology, and those 

nearest to the placenta (5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: A schematic diagram of the placenta (shaded area) and amniotic 
membrane. 1 – 5 represents the areas from which samples were taken.  
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Figure 31: GAG synthesis in five different areas of the AM between cervix (1) 
and placenta (5) 

 

There was no significant difference in the level of GAG synthesis between any 

of the sampled areas, even between AM sampled from the cervix and near 

the placenta.  

3.4 Cell viability 

It was important to assess cell viability after straining the samples to 

confirm that the cells therein were still alive. Samples were selected from the 

middle of the tissue specimen strained as it was presumed that the edges 

which were screwed into the Bose chambers would suffer the most damage 

and therefore have limited viability. After fixing and staining, there was a high 

count of live cells in the sample confirming that the cells were viable after the 

24hr strain regimen. 
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Sample  Live Cells 
Total 
Cells 

% 
Viability Sample  Live Cells 

Total 
Cells 

% 
Viability 

s1 306 339 90.27 s6 325 355 91.55 
s2 339 370 91.62 s7 320 354 90.40 
s3 297 335 88.66 s8 274 303 90.43 
s4 345 373 92.49 s9 364 390 93.33 
s5 394 442 89.14 s10 343 382 89.79 

Average     90.44 Average     91.10 

Table 9: Illustrating cell viability after a 24hr strain regime using 2% strain for 
1 min with a 9 min rest period. s1-s5 were control specimens and s6-s10 
strain specimens. One control specimen and equivalent strain specimen were 
from the same patient (eg: s1 and s6), 5 differnet patients were tested in total. 
There is no statistical difference between the 2 sample groups 

 

3.5 The effect of strain on GAG synthesis in AM 

To determine whether straining the amniotic membrane altered GAG 

synthesis, AM samples (n=3) were exposed to repetitive strain regimens (1% 

or 2% strain at 1Hz) in a Bose system. The samples were strained for 1 

minute and then were left to rest for 9 minutes. This cycle was repeated for 1 

hour (six times). This cycle was chosen to try to mimic early labour when 

contractions occur at approximately one every ten minutes while maintaining 

cell viability and AM integrity by avoiding excessive strain. Contemporaneous 

control samples from the same AM and site as the strained samples were 

also placed in the Bose incubator, but only in the culture medium and not in 

the chamber so that they did not undergo strain. They were removed from the 

Bose incubator with the strained samples. Synthesis of GAG was measured in 

all of the samples. 
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Figure 32: GAG synthesis in unstrained (U) and strained (S) AM samples 
taken from the cervix and near the placenta. Samples were strained at 1% or 
2% strain. Three AM samples were tested in duplicate 

 

The graph shows that at 1% strain, GAG synthesis decreased in 

strained versus unstrained samples in the cervical region, but the opposite 

effect was observed in the placental region. At 2% strain, GAG synthesis 

decreased in both cervical and placental regions with strain. 

Using an unpaired two-way Student t test, there was no significant 

difference in GAG synthesis between unstrained and strained samples in both 

cervical and placental regions (P > 0.1) for both 1% and 2% strain.  

3.6 Fibre orientation 

In tissues such as the AM and cartilage, fibres of collagen or elastin are 

orientated in bundles.  In cartilage, strain orientated parallel to or 

perpendicular to fibre bundle orientation results in different effects on the 

tissue.  I therefore tested different techniques to establish the best method to 

stain the fibre within the AM.  This would then allow knowledge of the 
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orientation of the fibre bundles when testing the AM to strain and to 

mechanical failure.  

Staining the AM solely with India ink at different dilutions (from full 

concentrate to 1:5 dilution with PBS) was unsuccessful. Varying the 

incubation times was equally unsuccessful. I believe this to be as a result of 

the inability of the ink to penetrate the tissue layers and stain the connective 

tissue layer. The only successful method to stain the fibre was using a fine 

bore needle to prick the AM initially, prior to application of the India ink in a 

concentrated form for 15 seconds before washing off with PBS. This 

technique was repeated 9 times to establish that this technique resulted in a 

consistent visualisation of fibre orientation.  

A fibre orientation ‘map’ was then created which showed a change in 

fibre orientation depending on AM region. Closest to the placenta, the fibres 

were orientated parallel to the placental edge. At the cervix, the fibres were 

orientated perpendicular to the placental edge. In contrast, in the middle 

region of the AM, there was a chaotic orientation of the fibres. See figures 33 

through to 36. 
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Figure 33: (A) Whole stained amniotic membrane after pricking with a fine 
bore needle. The arrow identifies the area where the umbilical cord was 
inserted into the membrane. Some ‘lines’ can be seen within the stained 
membranes. These are the fibre bundles. These will be illustrated in more 
detail below. (i) placental region of membrane (ii) cervical region of membrane 
(B) A schematic diagram of the placenta and amniotic membrane (shaded 
region represents the placenta in relation to the amniotic membrane). (i) 
placental region of membrane (ii) cervical region of membrane 
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Figure 34: A sample of the amniotic membrane was cut and placed within a 
petri dish. This was then pricked and stained. A clear image of the fibre 
bundles, of varying orientation, can be seen. The arrow highlights one of the 5 
holes created when the membrane was pricked with the needle. More care 
was taken after this initial experiment to ensure the membrane was not torn 
when pricking with a needle. 
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Figure 35: This is a close up of the fibre bundles stained. The India Ink stain 
does fade within minutes of staining and so not all the fibre bundles are visible 
in this image 
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Figure 36: A schematic diagram of the placenta (shaded area) and AM. Within 
the AM I have illustrated the orientation of the fibre bundles using interrupted 
lines. In the placental region (i) the bundles run parallel to the placenta. In the 
cervical region (ii) the bundles run perpendicular to the placenta. In the mid 
region (iii) the bundles have a more chaotic pattern. I have paired the bundle 
orientation in the different regions with photos of the stained membranes from 
these regions. The membrane was supported on aluminium foil for the 
photographs to try and enhance the images of the bundles. 

 

3.7 Further imaging to identify fibre orientation 

In order to confirm the orientation of the fibres within the AM, it was 

decided that other imaging modalities should be used. Histological staining 

and multiphoton microscopy was employed. At this point, an interesting 

observation emerged.  

ii 

i 

iii 



	 86	

3.7.1 Examination of the AM with multiphoton microscopy 

Multiphoton microscopy was used to identify fibrillar collagen within the 

AM taken from the cervix and placenta regions in one sample. Mulitphoton 

miscroscopy provides instant imaging of tissue at both a cellular and 

subcellular level.  

The AM contains a high proportion of collagens type I, III and V, which 

are all fibrillar and I hypothesized that collagen fibres made up the majority of 

the fibre bundles that were identified by staining with India ink.  

Collagen type IV was identified as laminar sheets localised to the 

basement membrane as was expected. Fibrillar collagen however could not 

be identified using multiphoton microscopy. 

What was identified were fibres characteristic of elastin. These fibres 

were observed throughout all the layers of the AM. The orientation of these 

fibres were as expected and were in keeping with the India ink staining of 

fibres, either in parallel to the specimen or perpendicular, so that the fibres 

were coming out towards the observer, when observed by microscopy.  

3.7.2 Van Gieson and Miller staining 

I next performed both Van Gieson and Millers staining using the 

remaining AM specimens. By performing separate stains, I hoped to allow for 

a better chance to identify collagen and elastin fibres. Previous studies have 

commented that when using a combined stain such as Van Gieson alone, due 

to the dense staining of collagen, elastin was inadequately stained.82  

All specimens (n=4) showed strong staining for collagen throughout all 

the layers of the AM. There was no observable difference between AM 

specimens taken from the cervix and placental areas. This statement has to 

be taken with caution, however, as no attempt was made to quantify a 

difference between these slides. It was difficult to observe a pattern of fibre 

staining that was consistent with the fibres orientation predicted within our 

specimens. 

All AM specimens also showed strong staining for elastin throughout all 

the tissue layers of the AM. This was more marked in the cervical specimens. 

Placental specimens revealed dense staining of elastin in the epithelial layer 
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of the AM, with sparser staining in the other tissue layers, such as the 

fibroblast layer. Again, it was difficult to observe a pattern of fibre staining that 

was consistent with the fibres orientation predicted within our specimens. 

 

 
Figure 37: Demonstrating Van Gieson staining for collagen in AM speicmens. 
(A) represents cervical specimens and (B) represents placental specimens.  
 

 

Figure 38: Demonstrating Miller’s staining for elastin in AM speicmens. (A) 
represents cervical specimens and (B) represents placental specimens. 
Although it appears that the placental specimen (B) shows denser staining, 
this is in part due to the compact nature of the specimen rather than a true 
reflection of the elastin content of the placental specimen 

 

3.8 Mechanical properties of AM  

AM samples were exposed to mechanical strain to failure using the 

Mechanical Testing System. A stress-strain graph was then produced for 
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each sample and the Tangent Modulus, UTS and ε to # were calculated for 

each specimen.  Dumbbell specimens were cut so that for each AM site 

(cervix or placenta), they could be strained to failure either in parallel or 

perpendicular to fibre bundle orientation.  Multiple specimens were obtained 

per AM. An average of the TM, UTS and ε to # was calculated per area of the 

AM per patient. A graph illustrating typical stress-to-failure curves is shown 

below. 

 

 

Figure 39: Stress-strain graph representing typical stress-strain curves for the 
different AM specimen areas (cervix versus placenta) with the specimens cut 
either in parallel (II) or perpendicular (⊥) to fibre orientation 

 

Dumbbell shaped specimens of AM undergoing strain to failure showed 

differences in mechanical properties depending on the AM tissue region and 

orientation of the fibres to mechanical testing within the AM specimen.  

Specimens tested in parallel in the placental region were stiffer (higher 

Tangent Modulus) compared to specimens tested perpendicular from the 

same region (TM 7.52+/- 3.70 vs 3.28 +/- 1.77 respectively, figure 40). A 

similar finding was also observed when comparing AM specimens tested in 
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parallel from the placental region and the cervical region. (TM 7.52 +/- 3.70 vs 

4.91 +/- 2.63 respectively, p<0.001). 	

	
 

Figure 40: Results of average TM from different AM specimen areas (cervix 
versus placenta), with the specimens mechanically tested either in parallel or 
perpendicular to fibres orientation. Placental samples are stiffer than cervix 
samples when tested in parallel (II *** P<0.001). Placental samples are stiffer 
when tested in parallel when compared to testing perpendicular to fibre 
bundle orientation (placenta II vs placenta ⊥ ***P<0.001). n=3-5 per area, per 
experiment. 

 

 Values for UTS (the stress at which the first break in the specimen 

occurred) were similar. Specimens tested in parallel from the placental region 

tended to have a higher UTS than those tested perpendicular from the same 

region as well as those cut from the cervical region, but this difference did not 

reach significance, (placenta II UTS 2.42 MPa +/- 0.63 vs placenta ⊥ UTS 

1.55 MPa +/- 0.38 , cervix II UTS 2.28 MPa +/- 0.45 vs cervix ⊥ UTS 0.92 

MPa +/- 0.22, table 8).  

 Values for ε to # showed a tendency to higher values for the AM 

specimens tested in parallel from the placental region compared to other 

samples, but this difference was not significant. Specimens cut from the 
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placenta regions all had higher values for ε to # compared to specimens cut 

form the cervix. Cervical specimens tested in parallel showed higher values 

for ε to # than those tested perpendicular. (cervix II 49% +/- 6% vs cervix ⊥ 

27% +/- 6%).  

 

  Cervix	 						Placenta	

Direction of 

strain  
II	

 

II	
  

UTS	±SEM	

(MPa)	
2.28	±0.45*	 0.92			±0.22*	 2.42	±0.63	 1.55	±0.3	

ε	to	#	±SEM	

(%)	
49	±0.06*,**	 27	±0.05*	 60	±0.1**	 58	±0.09	

 

Table 10: Results of UTS and ε to # for two different AM specimen areas. AM 
was mechanically tested to failure with the fibre bundle orientation either in 
parallel or perpendicular to the direction of stress-strain. * P <0.05 cervix II vs 
cervix ⊥ for UTS. *P <0.05 cervix II vs cervix ⊥ for ε to #. ** P<0.05 cervix II vs 
placenta II for ε to # 

 

3.9 Effect of cyclical strain on AM metabolism 

3.9.1 Cyclical tensile strain had a different effect on GAG synthesis 

dependent on the site of AM specimens 

The effect of cyclical tensile strain on GAG synthesis within the AM is 

shown in figure 41. All specimens were oriented so that the strain was in 

parallel to fibre orientation. Cyclical strain produced an increase in GAG 

synthesis in cervical specimens (6.46 µg/ µg DNA +/- 0.18 for unstrained 

cervical specimens versus 13.70 µg/ µg DNA +/- 0.28 for strained cervical 

specimens, p<0.001).  In placental specimens, strain produced a smaller 

increase in GAG synthesis (12.57 µg/ µg DNA +/- 0.23 for unstrained 

placental specimens compared to 15.40 µg/ µg DNA +/- 0.30 for strained 

placental specimens, p<0.05). 

T T 
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Figure 41: The effect of cyclical tensile strain on GAG synthesis comparing 
AM specimens from the cervix and placenta. N= 13 per experiment, (with a 
mean of 2 specimens per patient) in duplicate. ***P<0.001 comparing GAG 
synthesis between unstrained and strained AM specimens from the cervix. 
*P<0.05 comparing GAG synthesis between unstrained and strained AM 
specimens from the placental region. ***P<0.001 comparing GAG synthesis 
between unstrained AM specimens from the cervical and placental regions 

 

3.9.2 Effect of cyclical tensile strain on collagen synthesis  

Collagen is important to the strength and integrity of the AM and I 

investigated the effect of cyclical tensile strain on collagen synthesis within the 

AM (figure 42). All specimens were oriented so that the strain was in parallel 

to fibre bundle orientation. Cyclical tensile strain produced a reduction in 

collagen in AM specimens cut from the placenta (23.71 +/- 0.77 µg/cm2 for 

unstrained specimens versus 13.60 +/- 0.65 µg/cm2 for strained specimens, 

p<0.01).  There was a tendency to reduced collagen synthesis in cervical 

specimens in response to strain also (24.61 +/- 0.65 µg/cm2 for unstrained 

specimens versus 16.01 +/- 0.89 µg/cm2 for strained specimens p<0.01). 
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Figure 42: The effect of cyclical tensile strain on collagen synthesis in AM 
specimens from the cervix and placenta. **P<0.01 comparing collagen 
content between unstrained and strained specimens from the placental and 
cervical regions 

 

3.9.3 Effect of cyclical tensile strain on elastin synthesis  

Elastin is also important to the strength and integrity of the AM. I 

investigated the effect of cyclical tensile strain on elastin synthesis in samples 

from the cervical and placental regions of the AM (figure 43). N= 13, samples 

were tested in duplicate. All specimens were oriented so that the strain was in 

parallel to fibre bundle orientation. The results were similar to that seen to the 

effect on collagen synthesis. 

Unstrained AM specimens contained a higher elastin content in the 

cervical than in the placental region (270.13 µg/cm2 +/- 7.58 for unstrained 

cervical specimens, compared to 158.39 µg/cm2 +/- 3.2 for unstrained 

placental specimens, p<0.001). Strain resulted in a reduced elastin content in 

both the cervical and placental regions. (154.11 µg/cm2  +/- 3.07 for strained 

cervical specimens (p<0.001) and 109.24 µg/cm2  +/- 1.27 for strained 

placental specimens (p<0.05)).  
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Figure 43: The effect of 24 hours of cyclical tensile strain on elastin synthesis 
comparing AM specimens from the cervix and placenta. ***P<0.001 
comparing elastin content between unstrained and strained AM specimens 
from the cervical region. * P<0.05 comparing elastin content between 
unstrained and strained AM specimens from the placental region. ***P<0.001 
comparing elastin content between unstrained AM specimens from the 
cervical and placental regions 

 

3.9.4 Effect of cyclical tensile strain on PGE2 expression  

PGs have an effect on the AM to cause weakening of the membrane 

through an inflammatory process and tissue remodelling. The cervical region 

of the AM produces high levels of PGE2. I therefore investigated the effect of 

24 hours of cyclical tensile strain on PGE2 production in the AM to determine 

if there were any changes. In contrast to the effect of strain on collagen and 

elastin synthesis, 24 hours of cyclical strain resulted in an increase in PGE2 

synthesis in AM from both the cervical and placental regions. This effect was 

most marked in the cervical region. (968.57 ρg/ml +/- 59.83 for unstrained 

specimens compared to 2567.11 ρg/ml +/- 49.70 for strained specimens, 

p<0.001). There was also an increase in PGE2 synthesis in AM from the 

placental region but this difference was less marked (908.29 ρg/ml +/- 35.81 

in unstrained specimens compared to 2109.24 ρg/ml +/- 89.89 in strained 

specimens, p<0.001).  
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Figure 44: The effect of 24 hours of cyclical tensile strain on PGE2 expression 
in AM specimens from the cervix and placenta. ***P<0.001 comparing PGE2 
release between unstrained and strained AM specimens from the cervical 
region. *** P<0.001 comparing PGE2 release between unstrained and 
strained AM specimens from the placental region. *P<0.05 comparing PGE2 
release between strained AM specimens from the cervical and placental 
regions 

 

In summary, 24 hours of cyclical tensile strain resulted in a significant 

increase in both GAG synthesis and PGE2 release from cervical and placental 

regions of the AM. In contrast, the collagen and elastin content of the AM was 

significantly reduced after 24 hours of cyclical tensile strain in both the 

cervical and placental regions of the AM. 
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4.0 Discussion 

 
This present study shows the importance of fibre orientation and 

location in AM integrity and mechanical behaviour. We use techniques to 

identify collagen and elastin fibres which have not been attempted in human 

AM before.  We also show the importance of elastin in providing the AM with 

its mechanical properties. We use an ex – vivo bioreactor approach to 

investigate the biochemical response of AM at the cervical and placental 

region to repetitive strain. This study demonstrates that a combination of 

inflammatory and mechanical factors disrupts the integrity and mechanical 

behaviour of the human AM. 

4.1 India ink successfully stained fibres within the AM so that the 
orientation could be determined 

It was important that I was able to identify fibres in the AM to be able to 

determine their orientation, and then perform experiments in line with or 

perpendicular to that orientation. I observed that when the AM was repeatedly 

punctured with a needle and stained with India Ink, it successfully 

demonstrated fibres running throughout the AM. Previous studies 

investigating the AM and fetal membranes have not considered identifying the 

collagen and elastin fibres within it. The technique used was adapted from a 

previous study which identified collagen fibres within knee cartilage.119 

Despite attempts to identify the fibres without disrupting or damaging the AM, 

the only method which succeeded was one where the membrane was pierced 

repeatedly with a fine bore needle. This allowed the ink to penetrate the tissue 

to produce staining. Without the disruption of the AM integrity, there was no 

staining observed. The piercing was performed manually and thus no attempt 

was made to space the holes evenly throughout the membrane, maintain 

consistent pressure nor be clear as to how many times the membrane was 

pierced. There were also some unfortunate instances when the AM was torn 

due to attempts at piercing it. Thus the technique was quite primitive in its 

application but it resulted in effective staining of fibres within the AM. Future 
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optimisation such as applying a grouping of needles, might standardise the 

technique. I was unable to identify any other methods in the connective tissue 

literature. An alternative technique that I identified was to use mascara135, but 

as India ink worked I did not explore this further. 

To verify that the fibre orientation identified was indeed correct, 

multiphoton microscopy was used. Mulitphoton microscopy provides instant 

imaging of tissue at both a cellular and subcellular level. It has many 

applications, including in vivo imaging of the skin.97 It can exploit 

autofluorescence of intrinsic tissue fluorophores and nonlinear harmonic 

generation from tissue matrices such as collagen. This allows structural and 

functional imaging of unstained biological tissue.82 The orientation of the fibres 

were as expected and were in keeping with the observed orientation from the 

India ink staining of fibres, either in parallel to the specimen or perpendicular, 

so that the fibres were coming out towards the observer, when observed by 

microscopy. 

4.2 Fibre orientation differed according to the site of origin of the 
AM 

When the stained AM was examined I observed that the fibre 

orientation changed according to the site of origin of the AM. The fibres were 

orientated parallel to the placenta in AM closest to the placenta. The fibres 

were orientated perpendicular to the placenta in AM closest to the cervix. In 

the mid region, the fibres seemed to have a more chaotic and random pattern. 

This finding appeared to be consistent in membranes from 7 different patients 

undergoing term elective caesarean section. I also examined the AM from 2 

twin (diamniotic, dichorionic) pregnancies. Only the peripheral membranes 

furthest from each twin was sampled and this analysis also revealed a similar 

fibre pattern. The findings from the twin pregnancies were not included within 

the results chapter as they were very preliminary and further analysis is 

needed on more sets of twins to confirm the initial data.  

It is unclear why the fibres are orientated in such a pattern. It could be 

presumed that the forces from amniotic fluid, uterine wall, maternal pressures 

and uterine stretch have an influence on the AM as the pregnancy develops 
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as hypothesed by Oyen et al. 71 It is known that collagen fibres realign to the 

direction of force applied.47 This is observed when investigating the effect of 

fibre orientation of tissue derived from bioprosthetic heart valves (bovine or 

porcine) subjected to cyclic tensile testing47. Bioprosthetic heart valves are 

thought to be preferred to mechanical valves in patients undergoing valve 

replacement, partly due to the better haemodynamics and low 

thromboembolic complications compared to their mechanical counterparts. 

Their durability, however, is poorer and this is due to the chemical 

modification that the tissue undergoes before transfer, which makes them 

nonviable, and non-renewable. In order to improve durability, these valves are 

being studied using tissue engineering methods after new chemical 

modification approaches have been applied. Cyclical uniaxial tension was 

applied in one study, in parallel to the collagen fibres within the tissue and 

perpendicular to the fibres.47 The group did not explain how the collagen fibre 

orientation was initially identified. Small angle light scattering (SALS) was 

used to identify the changes in fibre orientation within the tissue specimens 

after cyclical testing. The authors concluded that cyclical tensile loading 

changed the mechanical properties of the collagenous tissue in two ways. 

Firstly, the intrinsic properties of the collagen fibres were changed through 

breakdown and damage and secondly, that the collagen fibre architecture was 

changed due to fibre uncrimping and reorientation. They observed that there 

was no collagen crimping changes in the perpendicular strained group, but 

that fibre reorientation was the cause of the mechanical changes observed in 

this group. The tissue appeared to become more stiff in the perpendicular 

group, probably as the collagen fibres reorientated towards the direction of the 

load.47 In the same way, it may be hypothesed that the in vivo forces of the 

growing uterus influence the fibre orientation within the AM. Different areas of 

the AM are subjected to variable amounts of some, but not all the forces, 

which again may influence fibre orientation.  

There is little literature investigating the different forces at play within 

and around the uterus during pregnancy and towards delivery. In part, this is 

due to the ethical conundrum and complications predicted of interfering with 

an on-going pregnancy in order to measure the uterine forces. Different 
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theories have been suggested as to what forces are present and what the 

consequences are. One study used ultrasound measurements of the uterine 

wall thickness and uterine shape throughout pregnancy to determine the 

uterine wall tension throughout gestation.132 Assumptions were made as to 

the uniform ellipsoid shape of the uterus. The team reported an expected 

increase in uterine volume throughout pregnancy, increasing sharply from 35 

weeks until delivery. This in turn causes an increase in uterine wall tension, in 

an exponential manner towards term. The group compared singleton, twin 

and preterm pregnancies and found no increase in maximal uterine wall 

tension in women pregnant with twins or those who went on to deliver 

preterm. This suggests that there are other pathologies at play in twin 

pregnancies and women undergoing PTB, and not just increased uterine 

stretch resulting in labour. How the increase in uterine wall tension affects the 

AM and the collagen and elastin fibres, is not known. The study was able to 

demonstrate that the AM is in tension by the end of pregnancy if the uterine 

wall is also in tension. The group did not calculate uterine wall tension at the 

cervix compared to at the placenta,132 however, as the uterine contents 

(amniotic fluid) are incompressible, another group suggested that intrauterine 

pressure is equal everywhere within the uterine cavity, presumably including 

the cervical region.133 Further literature investigating the forces affecting the 

cervical uterus at term are limited and so no further conclusions can be 

drawn. It is expected, though, that the forces present in the cervical uterus at 

term and indeed throughout pregnancy have had an influence in the fibre 

orientation of the AM. 

Another consideration is the influence of cervical ripening and PGE2 

release on fibre orientation. Our sample group were women undergoing 

elective caesarean section at term. I did not study if there was any cervical 

ripening already occurring preparing the body for labour in the pregnant 

women that I recruited. Cervical ripening can occur days to weeks prior to the 

onset of labour.95 This would lead us to believe that the majority of women 

undergoing elective caesarean section are already undergoing changes to the 

cervix in preparation of labour.  
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The cervix is made up of type I (70%) and III (30%) collagen, 

proteoglycans, elastin, smooth muscles cells, fibroblasts and blood 

vessels.96,132 Cervical ripening is a process which starts in early pregnancy 

and is divided into three stages: softening, effacement (thinning) and 

dilatation. There is overlap between these stages although the whole process 

is not completely understood. Hormones appear to control cervical ripening, 

for example, anti-progesterones induce cervical ripening.132 In a knockout 

mouse model, the majority (70%) of mice deficient in the type 1 isozyme 

of steroid 5α-reductase fail to deliver their young at term, probably as a 

consequence of a failure to ripen the cervix.132The enzyme 5α-reductase type 

I is involved in progesterone metabolism and without it, progesterone is not 

metabolised at the local level thus preventing cervical ripening. In animal 

models, the withdrawal of progesterone towards the end of pregnancy initiates 

events similar to an inflammatory response. This includes the release of 

MMPs resulting in the degradation of collagen.132 In humans, it is more likely 

that a reduction in progesterone sensitivity, rather than a reduction in absolute 

progesterone concentration results in the same outcome.98,132 Cytokines, 

PGs, platelet activating factor and nitric oxide all play a role in cervical 

ripening and have been used with varying success to initiate cervical ripening 

and labour in animals and humans. LPSs can also trigger the cascade that 

results in cervical ripening and so as a pathological process, infection can 

cause premature cervical ripening (figure 45).132  
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Figure 45: Flowchart illustrating the physiological and pathological processes 
leading to cervical ripening and ECM degradation. Reproduced from Maul et 
all 2006132 

 

Cervical softening begins early in pregnancy when progesterone levels 

are high. This gradual remodelling phase is replaced by a more accelerated 

remodelling towards the end of pregnancy. Although human and animal 

models differ as to a drop in progesterone initiating labour, some of the 

downstream processes inducing cervical ripening are similar.98,134 A 

difference in collagen structure (including cross-linking) was demonstrated 

during cervical ripening when induced by premature progesterone withdrawal 

compared to normal remodelling in a mouse model.97 The total collagen 

content appears to be unchanged, but due to changes in collagen structure 

and lay out, the tensile strength of the cervix appeared to be reduced.98 

Another study found a decrease in collagen content and structure between 

the first trimester and third trimester cervix, as seen via cervical biopsy.134  

It is thought that preterm cervical ripening may occur due to distinct 

pathways which differ from the normal mechanisms.97 It was initially proposed 

that inflammatory cells initiated the cervical ripening process. This would 

support the fact that infection is a cause of PPROM and PTB. Recent 

reassessment of this theory show that increased IL-8 expression and 

neutrophil number actually occurs after vaginal delivery not during cervical 

receptors to induce inflammatorylike
cervical changes with vasodilatation,
vascular leakage, and plasma and leuko-
cyte extravasations. Estrogen acts via its
receptors, particularly ER-a, to modu-
late neuropeptide synthesis. Our studies
(presented at the 2004 scientific meeting
of the Society for Gynecologic Investiga-
tion, Abstract No. 755), and others26,27

show that pelvic neurectomy in rats does
not inhibit cervical ripening or initiation
of labor, but blocks normal parturition
by elimination of the ‘‘pushing’’ response
(contraction of abdominal muscles) as-
sociated with forceful contractions of the
uterus during labor. For our telemetric
studies in conscious, unrestrained rats,
electrodes were attached to uterine and
abdominal muscles, and pressure cathe-
ters were introduced into the uterine
and abdominal cavities, to record

electromyographic bursts, and pressure
changes from laboring control and neur-
ectomized rats (Figs. 5, 6). The sensory
fibers of the pelvic nerve seem to relay
responses from the stretching cervix to
the abdominal muscles of the rat to
stimulate these contractions to assist in
pushing the pups through the birth
canal.

Very little is known about how cervi-
cal ripening can be prevented or inhib-
ited. Recently, it has been found that
oral administration of a platelet activat-
ing factor receptor antagonist in rats
significantly increases the duration of
parturition.28 Similarly and in addition
we have found that platelet activating
factor-antagonist WEB-2170 effectively
inhibits preterm cervical ripening
induced by lipopolysaccharides in an
in vivo animal model, whereas it was
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ripening and that depletion of neutrophils prior to the onset of labour, does not 

prevent parturition in mice.95 

Conflicting data exists with regards to the changes in collagen 

degradation and structure throughout the different phases of cervical 

remodelling. What is known though is that these changes contribute to a 

decline in the tensile strength of the cervix which is regained in the 

postpartum period. There is also an increase in GAGs in the cervix throughout 

pregnancy. Elastin fibres are also present in the cervix, within the stromal 

layer. It is thought to contribute between 0.9-2.4% of the total amount of 

connective tissue.96 This changes little throughout pregnancy.95 

It is unknown how much the events occurring at the cervix may 

influence the adjacent cervical AM and its biomechanical properties, if at all. 

The same pro-inflammatory cytokines, which are present in the cervix, are 

also noted in the fetal membrane.92 As they are involved in the mechanism 

that initiates labour it is plausible that there is an influence of cervical ripening 

on amniotic membrane fibre orientation. 

4.3 Are the fibres collagen or elastin?  

I observed that the fibres identified in the AM using India Ink staining 

are a mixture of both collagen and elastin. I also showed that the elastin 

content of the AM in our study was greater than previously shown.52,99 Once 

multiple successful staining of the AM revealed a consistent fibre pattern, I 

decided to confirm the identity of the fibres using both SHG and histological 

staining. It was expected that collagen would be identified within our AM 

samples because of findings from previous studies. 52,82,99 Collagen type IV 

was identified as laminar sheets localised to the basement membrane as 

expected. Fibrillar collagen (types I, III and V), however, cannot be identified 

using multiphoton microscopy. Instead it appeared that the fibres identified 

using India ink staining and then SHG were characteristic of elastin. The 

fibres were observed throughout all the layers of the AM. This was again 

confirmed using histological staining with Van Gieson and Miller’s staining for 

collagen and elastin fibre identification respectively. Staining confirmed the 

appearance of both throughout the AM. Although the fibres were identified as 



	 102	

collagen and elastin, it was not possible to quantify the contribution of each 

using histological section as there was too much variability.  

Most studies investigating the strength of the AM have concentrated on 

the role of collagen. Collagen is thought to be the most abundant fibre within 

the AM and this has been collaborated by numerous studies.52,82,99 Few 

studies mention elastin or attempted to measure its contribution to the AM 

strength. It has been previously thought that with such little elastin present 

within the AM, the integrity and elasticity of the AM is provided by collagen.52 

Wilshaw et al100 however investigated the acellular matrix of the AM for 

possible future use as a surgical patch. They concluded that the AM contains 

greater elastin than collagen for dry weight using the Fastin elastin assay. 

This is in keeping with my results. Later in this discussion I consider the 

difference in elastin observed in my results, and those of Wilshaw, with other 

studies. 

4.4 Fibre orientation influenced the mechanical properties of the 
AM when strained to failure 

The orientation of fibres within the AM influenced its mechanical 

behaviour when tensile strain to failure was applied. Placental parallel 

specimens showed enhanced stiffness (7.5 MPa) with significantly greater 

tensile strength when compared to placental perpendicular or cervical parallel 

or perpendicular specimens from the same patient. Our data contradicts a 

previous study that did not consider fibre orientation and reported TM values 

of up to 2.5 MPa in human AM.86 I observed that the TM for cervical parallel 

specimens was only slightly greater than cervical perpendicular specimens.  

It is widely recognised that collagen fibres have the ability to form 

cross-links that mechanically stabilise the fibres97 and improves their 

tolerance to applied tensile forces. This effect could explain the similar TM 

values for cervical specimens orientated in the parallel and perpendicular 

directions. Indeed, the effects of collagen fibre orientation in tendon tissues 

have been shown to influence mechanical properties, fibroblast alignment and 

cytoskeletal organisation leading to changes in cell proliferation and viability.46 

Further studies are therefore needed to characterise the effects of fibre 
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arrangement and alignment on mechanical properties and tissue composition 

in term and preterm amniotic tissues. 

Studies have described an area of altered morphology similar to, but 

not as extensive as the ZAM, to overlie the cervix in women undergoing 

elective caesarean section at term before rupture of the membranes had 

occurred.88 This area may already be developing in the fetal membranes from 

the women participating in my research. Therefore, the ZAM, or an area of 

altered morphology similar to the ZAM, was presumably sampled as part of 

the tensile strength experiments. This may contribute to the diminished 

strength and stiffness of the cervical membrane compared to the placental 

membrane.   

Again, possible cervical ripening and collagen remodeling of the AM 

adjacent to the cervix may have some influence on the diminished tensile 

strength of the cervical region of the AM, compared to the placental region.  

4.5 24 hour cyclical tensile strain at 1 Hz increased GAG synthesis 
in AM samples taken from both the cervical and placental regions 

After 24 hours of cyclical tensile strain I observed that sGAG synthesis 

was significantly increased in strained samples versus unstrained in the 

cervical region and in the placental region. During ECM remodelling of the 

cervix, the hydrophobic sGAG is replaced with the more hydrophilic hyaluronic 

acid.101 A similar action is to be expected within the fetal membranes, most 

significantly observed in the ZAM. Cyclical tensile strain caused tissue 

softening and remodelling mediated by enhanced sGAG levels. This was 

most marked in the cervical region than the placental region when compared 

to unstrained samples (although the total level of sGAG synthesis was higher 

in the placental region).  Sampling the ZAM may have contributed to the 

enhanced effects of sGAG to cyclical tensile strain observed in the cervical 

region of the AM. It is unclear when the ZAM develops prior to the onset of 

labour. In the case of my sample group, women undergoing elective 

caesarean sections, there is expected to be variable appearance of ZAM. In 

addition, it is not possible to be sure of the ZAM is sampled or not. This area 
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occupies a variable amount of the rupture line and so may have been 

included or missed when the cervical region was sampled.  

Specimens were cut from either the cervical or placental regions and 

subjected to cyclical tensile strain in a regimen, which I hoped mimicked 

labour in the in vitro setting. The regimen of a one minute stretch every ten 

minutes was decided as this could represent one contraction every ten 

minutes, which is noted during early labour. Although early labour can vary in 

length between individuals, a time frame of 24 hours was chosen, as this 

would be sufficient time for collagen, elastin and extracellular matrix (ECM) 

remodelling to occur within the specimen. I wanted to compare specimens 

which were unstrained (controls) and strained, as well as samples between 

the placental and cervical regions.  

4.6 24 hour cyclical tensile strain at 1 Hz decreased the collagen 
content of the AM in samples from the cervical and placental 
regions  

Collagen synthesis decreased as a result of cyclical tensile strain in 

both placental and cervical regions. This difference reached significance in 

both regions. The cervical region contained more collagen than the placental 

in both unstrained and strained which is of interest as the placental region is 

thought to be stronger than the cervical, due, in part, to the collagen content. 

It may be that the overall collagen content is not increased, but that there is 

greater cross-linking between the collagen fibres, thus providing the increased 

strength. Towards term there is a shift in collagen remodelling from synthesis 

to degradation with higher levels of MMPs found in the amniotic fluid.32 There 

should be increased collagen degradation in the cervical samples compared 

to the placenta which was not studied by us.   

One point of note, the collagen content of the AM described in previous 

studies has been as high as 362 µg/mg dry weight at 40 weeks gestation84. In 

our study, the values for collagen at term were lower, although it is difficult to 

make a direct comparison as our results are not normalised to weight.  
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4.7 24 hour cyclical tensile strain at 1 Hz decreased the elastin 
content of the AM in samples from the cervical and placental 
regions 

Elastin synthesis followed a similar trend as collagen synthesis. 

Cyclical tensile strain led to a reduction in elastin in both the cervical and 

placental regions. There were significantly higher levels of elastin in the 

cervical region, compared to the placental region. As mentioned previously, 

the placental region of the AM is stronger than the cervical, and was seen to 

be more elastic when comparing our TM data. This was not reflected in my 

tensile strain results.  

Previous studies have focused on the collagen content of the AM and 

how the degradation of this leads to PPROM. They have stated that the AM 

gets its elasticity from the collagen fibres not the elastin fibres.99 My results 

show that the elastin content of the AM is five times greater than the collagen 

content in both the cervical and placental regions. Only one other study 

supports our findings, Wilshaw et al100 also concluded that the elastin content 

of the AM to be up to ten times greater than collagen content. In this study, a 

novel approach to remove the cellular components of AM was utilised. The 

AM was derived from term elective caesarean sections, as with my study. 

After undergoing decellularisation, AM was tested to determine its 

composition and biochemical properties and compared to fresh AM. The 

group used the same Fastin elastin assay as my analysis. They measured an 

elastin content of 359.2 +/- 15.1 µg/mg of fresh tissue and collagen content of 

34.7 +/- 2 µg/mg of fresh tissue. Comparing this to my results, fresh 

unstrained AM had an elastin content of 270.13 +/- 7.58 µg/cm2 for the 

cervical specimens, compared to 158.39 +/- 3.2 µg/cm2 for placental 

specimens and collagen content of 24.61 +/- 0.65 µg/cm2 for cervical 

specimens and 23.71 +/- 0.77 µg/cm2 for placental specimens. As can be 

seen the relative proportion of elastin to collagen in both studies was similar. 

As most studies investigating the strength of the AM have concentrated 

on the role of collagen and collagen is thought to be the most abundant fibre 

within the AM,52,82,99 few studies mention elastin or attempted to measure its 
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contribution to the AM strength. It has been previously thought that with such 

little elastin present within the AM, the integrity and elasticity of the AM is 

provided by collagen alone.52 This may be one reason why elastin has been 

overlooked by previous investigators. 

4.8 24 hour cyclical tensile strain at 1 Hz increased PGE2 release 
from the AM in samples from the cervical and placental regions 

PGE2 expression followed a pattern that was expected. Cyclical tensile 

strain led to a significant increase in PGE2 expression compared to controls in 

both the cervical and placental regions. PGE2 has long been implicated in 

cervical ripening and the initiation of contractions. Drugs, such as 

indomethacin, have been used with some success to slow down or halt 

preterm labour, although the fetal side effects have caused its use to be 

discontinued.103 The initiation of labour is similar to an inflammatory process. 

There is up-regulation of PGE2 and related cytokines which in turn increase 

levels of MMPs. These degrade collagen and thus lead to tissue weakening of 

the AM and softening of the cervix and myometrium.101,102 The ZAM produces 

higher levels of PGE2 during the preparation of labour than other parts of the 

fetal membranes.101 This may reflect the extensive remodelling that occurs in 

this area. Our results are consistent with the increased PGE2 expression 

noted in the cervical region.  

As the ZAM overlies the cervix, it is thought that the membrane 

remodelling which occurs in this area is as a result of PGE2 expression from 

the AM and from the cervix itself. This has not been corroborated by previous 

work. 

It is understood that PPROM due to infection is a result of an 

inflammatory response of the body at the site of infection. The release of 

cytokines from the bacteria and as an inflammatory response from the body, 

along with PGE2 enhances tissue remodelling and thus weakening. In preterm 

labour without infection, PGE2 levels are low.  

It is not completely understood how labour occurs. In the mouse model, 

PG receptor numbers in the myometrium increases significantly rather than 

the absolute value of PG. This suggests that the uterus becomes more 
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sensitive to the circulating PG. A similar effect in the human myometrium may 

explain PPROM and preterm labour in the absence of infection.102 PG causes 

uterine contractions, therefore in our experiments, stretch produces PG which 

in turn would act on the uterus (in vivo) and promote more contractions. 94  

Most studies investigating the initiation of labour and pathological 

factors causing PROM, preterm labour and PPROM show an inflammatory 

pathway which leads to PG production and weakening of the fetal 

membranes.92,94,112 My work has shown that uterine stretch alone can also 

increase PG production to quite high levels. This idea has also been reported 

by Kloeck et al back in 1973.127 Blood, infection and uterine overdistension 

can all cause uterine contractions and are associated with an increase risk of 

PPROM and preterm labour. The exact mechanisms are unknown although 

PG production and release has been implicated through inflammatory 

pathways to lead to uterine contractions. In cases of uterine overdistension, 

the increased stretching of the uterus leading to increased PG expression and 

ultimately PPROM and preterm labour needs to be considered and explored 

further.  

 A paper by Adams Waldorf136 et al explores this. They propose that 

one factor leading to PTB is the inability of the uterus to adapt to a continuous 

increase in volume. The group hypothesize that inflation of an intra-amniotic 

balloon would increase the uterine wall stress (stretch) and start preterm 

labour and that this would occur with a unique pattern of mediators found in 

the amniotic fluid and myometrium. This theory was tested in a primate model. 

Amniotic fluid, maternal and fetal blood was frequently sampled prior to and 

after balloon inflation. The animals underwent balloon catheterization between 

day 118-125 gestation (equivalent to 28 weeks human gestation) and balloon 

inflation from day 128-135 gestation (equivalent to 30 weeks human 

gestation). The animals underwent caesarean section at experimental end. 

The fetuses, placenta and membranes were studied by a veterinarian. The 

group also studied human amniocytes that underwent in vitro stretch and AM 

and myometrial tissue samples from women with twin pregnancies or 

polyhydramnios to validate their results. For the human experiments, amnion 

epithelial cell cultures samples were collected at term elective caesarean 
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section. Preterm human amnion and myometrial tissue was collected from 

women with and without polyhydramnios at caesarean section. Samples were 

also collected from women with twin pregnancies at the time of caesarean 

section both in early preterm labour and not in labour. Stretch was performed 

using a Flexercell strain unit at 11% elongation for 6 hours.  

 The results show that a rapid increase in balloon inflation was 

associated with a significant rise in cytokines and PGs (interleukin (IL)-1β, 

TNF-α, IL-8, CCL2, PGE2 and PGF2α). The authors described the rise as an 

‘inflammatory pulse’ rather than a sustained and steady increase of 

inflammatory mediators. The peak levels of the inflammatory mediators 

correlated with the volume of uterine distension. Fetal plasma cytokines 

sampled at the time of caesarean section showed elevated IL-1β, TNF-α, IL-6, 

IL-8 in the group undergoing balloon inflation compared with controls. No such 

rise was noted in the maternal plasma cytokines comparing the experimental 

and control groups.   

 The cytokine response after in vitro stretch of human amnion from 

pregnancies with polyhydramnios illustrated a significant increase in IL-1β, IL-

6 and IL-8 mRNA when compared with controls. In women with twin 

pregnancies, levels of IL-6, IL-8 and CCL2 were significantly raised in those 

women with early preterm labour compared to women not in labour.  

 From their findings, the group postulate that preterm labour can be 

initiated when a certain uterine capacity is achieved. Until that point, the 

uterus is able to accommodate for the increase in volume. Their results also 

suggest the initiation of preterm labour is through an ‘inflammatory pulse’ 

once this capacity is achieved which is different from the inflammatory 

response after infection which is a steady rise in inflammatory mediators.  

4.9 Secondary Findings 

4.9.1 There is a larger amount of collagen and elastin fibres found at the 

cervical AM than the placental AM 

	 From our results, it can be seen that there is more collagen and elastin 

present in the cervical region of the AM than the placental region. The cervical 

AM contained 24.61 +/- 0.65 µg/cm2 of collagen compared to 23.71 +/- 0.77 
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µg/cm2 of collagen in the placental region. It can be argued that there is little 

difference in collagen content between the cervical and placental regions. In 

contrast, there is a marked reduction in elastin content between the placental 

and cervical region of the AM, 270.13 µg/cm2 +/- 7.58 for cervical specimens, 

compared to 158.39 µg/cm2 +/- 3.2 for placental specimens, (p<0.001). This 

contradicts the findings that the in the placental region, the AM is stronger 

when undergoing mechanical testing to failure. One theory is that despite a 

larger quantity of both collagen and elastin, the quality is poorer leading to 

increased weakness in the cervical region. This is in keeping with studies 

which found that despite the overall collagen content of the AM being 

unchanged, there was increased collagen remodelling which could explain the 

weakness.12,51,88 Cervical ripening prior to the onset of labour and sampling of 

the ZAM may be another reason why the cervical AM is weaker than the 

placental AM despite a larger amount of collagen and elastin. 

4.9.2 Elastin may have a greater contribution to the membrane integrity 

of the AM than previously thought 

 Our results illustrated the importance of elastin in the integrity of the 

AM. Elastin has often been overlooked by previous studies. 52,82,99 Only one 

other study has corroborated our findings, that not only is elastin present 

within the AM, it is the more abundant fibre.100 Investigating the properties and 

degradation of elastin within the AM may help with our understanding of 

PPROM and target therapeutic interventions to improve this condition.  

4.10 Translation 

 This study introduces some new ideas surrounding preterm birth and 

PPROM.  

 Knowing the fibre orientation within the AM is an important tool for 

investigation. Previous studies investigating the mechanical properties of the 

AM have not fully considered the fibre orientation and so risk incorrect data 

being collected. This in turn can lead to incorrect conclusions about the 

structural integrity of the AM and how best to manipulate it to improve 

integrity.  
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 Could understanding the fibre orientation within the AM improve wound 

healing within the AM? Iatrogenic PPROM can occur with amniocentesis 

(piercing the AM through the wall of the uterus to collect amniotic fluid for 

diagnostic testing in the first trimester of pregnancy) or after fetal surgery. 

There is great interest in trying to close or ‘plug’ the mechanical defect to the 

AM after such procedures. The AM has poor healing capacity, but could a 

substance introduced to the AM after such procedures use the orientation of 

the collagen and elastin fibres within the AM to help ‘knit’ the wound edges 

together? The substance may be able to use the fibres as a scaffold to lay 

down new tissue in the direction of the fibres and close the defect created. 

This is an exciting concept which may be explored further. 

Elastin fibres possibly provides a larger proportion of AM integrity than 

collagen fibres. With this in mind, further work investigating, not only the role 

of elastin within the AM, but also it’s behaviour may help target therapies 

which aim to reduce the risk of PPROM.   

4.11 Limitations 

My study demonstrated some new concepts within the field of preterm 

birth but it has some limitations.  

By targeting a group of women undergoing elective caesarean section 

at term, I hoped to reduce the number of variables within the data such as 

length of SROM, maternal pyrexia, length of labour, to name a few. As can 

seen through this discussion there were some variables that I was unable to 

control for. I did not consider if cervical ripening had commenced in these 

women nor to what degree and this may have influenced my findings. A 

vaginal examination or transvaginal ultrasound scan prior to the start of the 

caesarean section may have provided a crude estimation of cervical ripening.  

Staining the AM for fibre orientation with India Ink, was just performed 

by hand. There was no obvious systematic approach to the number of 

puncture sites, the spaces between puncture sites and the pressure used to 

make the punctures. Indeed there were occasions when defects were created 

due to excessive force pricking the membrane. Using an implement 
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specifically designed with multiple needles to help evenly space the puncture 

sites would have made this technique more reproducible. If a robotic arm was 

used to create the punctures, then even pressure could have been produced 

throughout the sample. 

I did not attempt to quantify the amount of collagen and elastin stained 

on histological section, but just observed that different areas had been stained 

with both stains. It may have been useful to compare if the amount of collagen 

and elastin identified on histological staining was similar to the amount 

identified by the assays.  

Even though I obtained useful results when investigating the role of 

repetitive stretch on collagen and elastin content and PGE2 release, the Bose 

bioreactor was unable to truly mimic labour. I used a regimen of 1 minute of 

stretch every 10 minutes in order to mimic early labour and continued this 

regimen for 24 hours for ease of use. Labour can last 24 hours, but usually 

the intensity and frequency of contractions (stretches) increases with time. 

This is something we were not able to reproduce in a laboratory setting.  

4.12 Conclusion  

This study has demonstrated the importance of fibre orientation in 

membrane integrity and that a combination of inflammatory and mechanical 

processes are involved in membrane degradation. I have highlighted the 

importance of elastin in matrix composition and AM properties. This has 

allowed medicine to come a small way into understanding the complex nature 

of the AM and PPROM. We can then determine therapies to prevent PPROM 

in the future.  

4.13 Future Work 

 Taking this thesis further, future work to be pursued includes: 

 

• Determining the fibre orientation of the premature AM, its mechanical 

properties and how it responds to repetitive tensile strain. Preterm 

membranes collected could be divided into the cause of prematurity, 
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for example, iatrogenic (fetal surgery, twin pregnancy) or PPROM, and 

at what gestation. It could also be divided by mode of delivery, 

(spontaneous vaginal delivery versus caesarean section). It would be 

so revealing to know what differences there may be in the fibre 

orientation of these preterm membranes and if there is any difference 

in the orientation depending on gestation. It is expected that the 

membranes should be stronger than term membranes from previous 

work71,72 Is this due to increased collagen and elastin content or a 

difference in fibre organisation as suggested by Bou-Resli9 et al? How 

does the mechanical properties of the cervical and placental preterm 

membrane differ from each other, if at all? 

 

• Comparing the difference in mechanical properties between term and 

preterm membrane. Can this help explain what causes PPROM in 

certain cases? If AM from women who had PPROM was compared to 

the AM from term elective caesarean section, would we observe any 

fibre orientation differences which could explain the PPROM. Would we 

note any differences in mechanical properties of AM form women with 

PPROM compared, not only to term AM, but also preterm AM from 

women who had not had PPROM? Could any difference observed offer 

a clue as to the cause of PRROM and how we may be able to prevent 

it in the future? If we are comparing AM from women who had PPROM 

and preterm delivery other than PPROM, we could also compare AM 

from women who had PROM and those who did not. Again, would we 

observe a difference in fibre orientation and mechanical properties 

which could explain why certain AM rupture before uterine contractions 

happen. Are the mechanical properties of AM from PPROM similar to 

that from PROM or are the two unrelated? 

 

• Incubating term and preterm membrane in substances known to cause 

PPROM including blood and LPSs. How does this affect membrane 

structure and function? Other authors have incubated term AM/fetal 

membranes with certain bacteria and have illustrated the reduction in 
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tensile strength mediated by a loss of collagen.25,26 What difference, if 

any, is noted in the fibre orientation when the collagen and elastin is 

degraded? Do the mechanical properties differ? Does the same 

degradation occur in preterm AM and through the same pathways? 

There are so many more questions needing to be answered. 
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5.0 Appendices 

5.1 Appendix 1 

Amniotic Membrane Sample Collection Protocol  

Equipment  

Gloves – sterile and nonsterile 

Antibacterial spray and wipes 

Paper towels 

Episiotomy pack – contains sterile scissors, forceps and clamps 

Petri dishes (2) 

Kidney dish for waste 

Collection pots (5) 

DMEM solution (Sigma, Poole, UK) 

EBSS solution (Sigma, Poole, UK) 

Pen for labelling 

Procedure 

Patient identified and consented to participate in study prior to starting sample 

collection by signing the consent form 

Ensure Labour Ward sluice hood is switched on with UV light and fan on 

Clean hood using both antibacterial spray with paper towels and antibacterial 

wipes 

Once hood cleaned, set up equipment 

Open episiotomy pack and lay out sterile drape on top of surface in hood 

Lay out scissors, forceps and petri dishes within easy reach 

Sterilise collection pots, DMEM and EBSS solution and place in hood 

Label tubes  

Pour 10mls of DMEM into collection pots ready for placing samples 

Collect placenta from Labour Ward theatre and take directly to hood 

Lay out placenta and membranes so that all cut surfaces from the delivery are 

identified 
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Identify area nearest cervix (sample 1) 

Carefully identify and strip away the outer chorion layer from the inner amnion 

layer 

Using scissors cut 5x5cm (approximate) size sample and place into petri dish 

Pour EBSS into petri dish and clean sample using forceps 

Make sure sample clean of blood and other debris (should be pale pink/clear 

once clean) 

Place into correctly labelled collection pot 

Discard EBSS; use fresh EBSS solution for each sample 

Repeat procedure for other samples (4-5 samples in total) 

After samples collected, discard all waste, clear away equipment and clean 

hood again 

Transport samples to laboratory at room temperature within 1 hour of 

collection 
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5.2 Appendix 2 

Membrane Cutting Protocol 

Equipment 

Gloves 

Antibacterial and 70% ethanol spray 

Paper towels 

Scissors 

Forceps (2) 

Scalpel plus blade 

Membrane cutter 

Petri dishes  

Beaker to hold waste 

DMEM solution (Sigma, Poole, UK) 

1ml pipette 

Eppendorf tubes 

Pen for labelling 

Procedure 

Turn on and clean hood using biocleanse and 70% ethanol spray 

Collect other equipment and arrange in hood 

Spread out AM onto petri dish using sterile forceps 

Place membrane cutter on top of AM and press down firmly to ‘cut’ through 

AM 

Gently lift off membrane cutter 

Use scalpel blade to cut through any part of membrane not cut with 

membrane cutter or to neaten any edges 

Keep AM hydrated using DMEM solution applied with 1ml pipette 

Continue to cut AM in this way 

Store AM in eppendorf tubes 
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5.3 Appendix 3 

Tensile Strain Experiment Set-Up Protocol 

Equipment 

Bose machine equipment (Bose Enduratec, UK) 

Screwdrivers 

Wrench 

DMEM solution 

Pipettes 

Forceps  (2) 

Pot to hold equipment 

Eppendorf tubes 

Pen for labelling 

Procedure 

Turn on and clean hood using biocleanse and 70% ethanol spray 

Sterilise individual components of Bose machine in autoclave (including 

chamber, glass covering, non-disposable screws) 

Place all equipment into hood including samples 

Lay out chamber of Bose machine flat onto surface 

Carefully pick up samples using both forceps and manipulate into chamber so 

that the whole surface is covered including the area for the screws (may need 

to hydrate membranes to help with handling and placement)  

Place screw holder and screws over the appropriate area and screw in 

carefully ensuring the sample does not move or tear 

Make sure sample is held in tightly 

Carefully slide the glass covering halfway over the chamber 

Pipette DMEM solution into the chamber whilst horizontal until at the top and 

slowly close the glass covering over it (there will be a small air bubble in the 

chamber, which cannot be avoided) 

Repeat for all chambers to be used and label  
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Hold the chamber(s) carefully and carry to the main lab where the other 

components of the Bose machine are kept 

Slide chambers into the bottom circular holder and secure into place 

Carefully place the top circular holder on top of the chambers 

Open the top incubator and carefully place the equipment into it and secure 

tightly 

Type in regimen to be used into program and press zero start 

After use dismantle the chambers and clean the circular holders with ethanol 

Take the chambers back into the hood (spray with ethanol first) and carefully 

slide off the glass covering without spilling any of the liquid 

Pipette liquid into eppendorf tube, label and snap freeze for later analysis 

Remove tissue samples and place into eppendorf tubes, label and snap 

freeze 

Clean and autoclave all equipment used and hood 
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5.4 Appendix 4 

Fibre Staining Protocol 

Equipment 

Whole placenta and membrane 

Gloves 

Antibacterial and 70% ethanol spray 

Paper towels 

Scissors 

Forceps (2) 

Green fine bore needles 

EBSS solution (Sigma, Poole, UK) 

India Ink 

Petri dishes 

Pen for labelling 

Procedure 

Collect whole placenta and membrane from Labour Ward and take to the 

laboratory 

In sluice room at the laboratory, separate placenta and chorionic membrane  

from AM. The orientation of the AM compared to the position of the placenta, 

incision line and cervix must be noted throughout  

Wash AM in EBSS solution in order to remove debris 

Store AM on large petri dish 

Discard all waste for incineration and clean work area after use 

Clean and prepare hood as before 

Spread out AM on flat surface with the placental edge furthest from outside of 

hood 

Prick AM multiple times with fine bore needle until whole surface was covered 

with prick marks. Take care not to tear AM 

Paint India Ink onto surface of AM 

Wash with PBS solution after 15 sec 
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Note fibre pattern created throughout AM 
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5.5 Appendix 5 

Mechanical Testing Protocol 

Equipment 

Cut specimens 

Petri dishes 

Scissors 

Aluminium foil 

PBS solution in a spray bottle 

Forceps 

Mechanical testing system (MTS Bionix100, 50N cell load, MN, USA) 

Pen for labelling 

Procedure 

Turn on MTS 

Cut out specimens of AM to a standard shape of 10 x 25mm from cervical and 

placental regions of AM. Ensure there are both parallel and perpendicular 

fibres sampled 

Place cut specimens onto aluminium foil which has been cut a little larger than 

the dimensions of the specimens  

Place specimen between clamps of MTS with the aluminium foil 

Once secured, remove aluminium foil from specimen with care 

Keep specimen hydrated using PBS spray 

Move apart clamps of MTS to produce minimum tension in specimen 

Select correct mechanical testing protocol and run program 

Save data obtained  
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5.6 Appendix 6 

Membrane Digestion Protocol 

Equipment 

Digestion Buffer 

Papain reagent (Sigma, Poole, UK) except for hydroxyproline protocol, where 

tissue needs digesting using pepsin (see later) 

Pepsin reagent (Sigma, Poole, UK) 

Gilson pipettes (P1000, P20) 

Pipette tips 

Pen for labelling 

Digest buffer 

To make100mls digest buffer, 100mls of PBS, 0.156g cysteine hydrochloride 

and 0.08g EDTA (both Sigma, Poole, UK) was added to a 250ml beaker. The 

beaker was placed on a magnetic stirrer and solution stirred while adjusting 

pH to 6 with 1M NaOH (made up in laboroatory). 

Procedure 

Add 100ul of digest buffer to the eppendorf tubes containing membrane 

sample using pipette P1000 

Add 5ul of papain using pipette P20 

Vortex all tubes to ensure solution is thoroughly mixed 

Place in 37oC incubator overnight 

Next morning, place in incubator at 60oC to denature papain 

Pepsin digestion 

Dissolve 1mg of pepsin in 0.5M of acetic acid and vortex.  

Add to AM specimens in eppendorf tubes 

Place on lab rocker at 4oc for 48 hrs 

Centrifuge at 15,000g for 1 hr 

Freeze pellet and supernatant at -80oC for 24 hrs. 
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Add hydrochloric acid to pellet, vortex and place in oven at 115oC for 24 hrs. 

Freeze specimens again at -80oC until needed 
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5.7 Appendix 7 

GAG Assay Protocol 

Equipment 

Plate reader – Ascent spectrophotometer (Ascent, Labtech, USA) 

96 well plate, clear 

Gilson pipettes – P1000, P200, P20 

Pipette tips 

Digest buffer 

DMB solution (Sigma, Poole, UK) 

Bovine chondroitin-4-sulphate (C4S) 1mg/ml (Sigma, Poole, UK) 

Eppendorf tubes (1.5ml) 

Pen for labelling 

DMB Solution 

Dissolve 0.016g DMB in 5ml ethanol in a 10ml beaker in a fume cupboard. 

Add 850ml distilled water and 2g sodium formate to a 1000ml beaker. Place 

1000ml beaker onto magnetic stirrer and stir gently to dissolve sodium 

formate. Add dissolved DMB/ethanol solution. Place pH electrode in to 

solution and adjust pH to 3 by adding formic acid dropwise from a 3ml Pasteur 

pipette. Transfer solution to 1000ml Volumetric flask and make up to 1000ml 

using distilled water bottle. Add stopper and mix solution well. Transfer 

solution to 1000ml Duran bottle. Wrap stock solution bottle in foil to protect 

from light and store at room temperature 

Procedure 

Dilute in digest buffer, 1mg/ml stock solution of bovine C4S to 100ug/ml for 

use (1.8ml digest buffer with 2ul of bovine C4S) 

Prepare a series of standard dilutions using 1.5ml eppendorf tubes for 200ul 

standards, label  

Vortex all samples and standards prior to pipetting 40ul samples 
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Pipette 40ul using P200 of samples and standards into 96 well plate, using a 

new pipette tip for every sample and standard to prevent cross contamination 

Run samples as duplicate or triplicate ideally 

Switch on plate reader and set up appropriate protocol 

Add 250ul DMB reagent to all wells using P1000 as quickly as can accurately 

be done 

Transfer plate quickly to plate reader, select appropriate protocol and press 

start 
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5.8 Appendix 8 

DNA Assay Protocol 

Equipment 

BMG Fluostar Galaxy (BMG Labtech, USA) 

96 well plate, white (Sigma, Poole, UK) 

Gilson pipette P1000, P200, P20 

Pipette tips 

DNA standard (Sigma, Poole, UK) 

Hoechst (Invitrogen, Paisley, UK) 

Pen for labelling 

Procedure 

Switch on fluorimeter. Log on and select protocol and layout 

Dilute DNA standard to 20ug/ml for use (980ml digest buffer and 20ul 

(1mg/ml) stock standard). Prepare a serial dilution in digest buffer 

Pipette 100ul, using P200, of samples and standards into 96 well plate to 

planned layout, ideally in duplicate/triplicate 

Vortex samples and standards prior to pipetting 

Prepare working concentration of Hoechst in digest buffer (20ul Hoechst 

diluted in 19,980ul digest buffer to make up 20ml sample) 

Add 100ul Hoechst reagent to all wells using P200 

Transfer plate to fluorimeter, select appropriate protocol and press start 

Change pipette tips for every well to prevent cross contamination 
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5.9 Appendix 9 

Collagen Assay Protocol 

Equipment 

Gloves 

Gilson pipette P1000, P200, P20 and tips 

50-300µl multichannel pipettes and tips 

50ml volumetric flask 

Collagen stock solution (QuickZyme Biosciences, Netherlands) 

96 well plate (Merck, Hertfordshire, UK) 

Chemical fume cupboard 

Vacuum aspirator 

Spectrophotometer – absorption at 340nm (Ascent, Labtech, USA) 

Pen for labelling 

Sirius red solution 

100 ml of 1% Sirius red solution was made up following the laboratory 

protocol. 1g of Sirius red powder (Sigma, Poole, UK) was added to 100ml 

distilled water and mixed using the vortex. 0.02 ml of Tween 20 (Sigma, 

Poole, UK) was added using a P200 pipette. Tween 20 is a particularly 

viscous solution, and so in order to add it, the yellow tip of the pipette was cut 

to aid transfer. This was mixed again, covered in foil and stored at 4oC until 

use.  

Sodium hydroxide solution 

 1litre of solution was made using standard laboratory protocol.  A 

250ml beaker was placed inside a larger beaker which was filled with ice. 

20mg of sodium hydroxide was added to 250ml of distilled water within the 

250ml beaker. This was left on a magnetic stirrer until dissolved. 500ml of 

distilled water was added to a 1litre volumetric flask. The sodium hydroxide 

solution was added to this whilst continuously stirring. The final volume was 

made up using distilled water. This was then stored at room temperature. 
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Collagen serial dilution 

The stock solution was diluted in 0.5M acetic acid to achieve a final 

concentration of 200 µl/ml (a ratio of 1:5). This was vortexed prior to use. 

1.5ml eppendorf tubes were labelled 1 through to 8. Tube 1 was filled with 

100µl of 0.5M acetic acid using the P200 pipette. Tube 8 was filled with 100µl 

standard stock. The remaining tubes were filled with 100 µl of 0.5M acetic 

acid using a P200 pipette. 100µl of standard solution was added to tube 7 and 

this was vortexed. 100 µl of the solution from tube 7 was added to tube 6. 

This was then mixed thoroughly. 100µl of tube 6 was then added to tube 5. 

This serial dilution was continued to all tubes until tube 2. Once tube 2 was 

mixed, 100µl of solution was removed form this tube and discarded. This left 

100µl of standard in all tubes.  

Procedure 

Transfer 50µl of each sample and standard in duplicate to the appropriate 

wells of a Millipore multiscreen 96 well plate 

Add 250µl of Sirius Red solution to each well using a multichannel pipette 

Cover plate and mix well for 30mins to allow precipitation 

Remove solution and wash through wells using vacuum aspiration. 

Wash with 0.05M acetic acid at least 3 times until all excess dye has been 

removed 

Add 250µl of sodium hydroxide to each well. Mix for 30 mins 

Use multichannel pipette to transfer 100µl from each well of sample and 

standard to directly equivalent well of clear Maxisorp 96 well plate 

Transfer to plate reader, select appropriate protocol and start reade 
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5.10 Appendix 10 

Elastin Assay Protocol 

Equipment 

FastinTM Elastin Assay Kit (Biocolor, Co. Antrim, UK) 

 Fastin dye reagent 

 Elastin precipitating reagent 

 Elastin standards 

 Dye dissociation reagent 

Oxalic acid 

Gloves 

Gilson pipette P1000, P200, P20 and tips 

25ml beaker 

Clear 96 well plate (Merck, Hertfordshire, UK) 

Heat block (Grant QBT 2, Severn Sales laboratory Equipment, Bristol, UK) 

Mechanical shaker (Thermo Scientific, Hampshire, UK) 

Centrifuge (IEC CL31 multispeed, Thermo Scientific, Hampshire, UK) 

Spectrophotometer – absorption at 513nm (Ascent, Labtech, USA) 

Pen for labelling 

Elastin serial dilution 

Elastin standards were made using elastin stock solution, also in 

duplicate. Eppendorf tubes were labelled 0 to 3. Water was added to the tube 

labelled 0. The other tubes contained elastin standards. The concentrations 

used were 12.5, 25 and 50 µl.  

Procedure 

Add 750µl 0.25M oxalic acid to samples and heat at 100oC for 1hr using heat 

block 

Centrifuge samples at 10,000g for 10 mins 

Collect supernatant for use in assay 
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Add 100µl elastin precipitating reagent to all standards and samples and 

vortex 

Allow tubes to stand for 15mins to all complete precipitation of α-elastin 

Centrifuge tubes at 10,000g for 10 min 

Drain contents into 25ml beaker and ensure all remaining fluid is removed 

Add 1ml of Fastin dye reagent to all tubes and vortex 

Place on microplate shaker for 90 mins 

Centrifuge tubes at 10,000g for 10 mins 

Drain contents into 25ml beaker and ensure all remaining unbound dye is 

removed 

Add 250µl of dye dissociation reagent to all tubes and vortex 

Transfer contents of tube to corresponding well of microsorp 96 well plate 

Transfer to plate reader, select appropriate protocol and start reader 
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5.11 Appendix 11 

PGE2 Assay Protocol  

Equipment 

PGE2 assay kit (R&D Systems, Abingdon, UK) 

PGE2 conjugate 

PGE2 Standard 

Primary antibody solution 

Calibrator diluent RD5-56 

Wash buffer concentrate 

Colour reagent A 

Colour reagent B 

Stop solution  

Distilled water 

Squirt bottle 

Plate covers 

Gloves 

500ml graduated cylinder 

Microplate shaker (Thermo Scientific, Hampshire, UK) 

Eppendorf tubes 

Aluminium foil 

96 well plate (Merck, Hertfordshire, UK) 

Gilson pipette P1000, P200, P20 

Pipette tips 

Spectrophotometer – absorption at 450nm (Ascent, Labtech, USA) 

Pen for labelling 

PGE2 serial dilution 

All samples were diluted 3-fold using calibrator diluent RD5-56. 

Eppendorf tubes were labelled 1 to 7. 900µl of calibrator diluent RD5-56 was 

pipetted into the first tube (labelled 1). 500µl of the diluent was added to all 

the remaining tubes. 100µl of the diluted stock was added to the first tube and 
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mixed. From this, 500µl of solution was removed from tube 1 and added to 

tube 2. This was mixed again and 500µl of solution added to tube 3. This 

serial dilution was continued for all tubes. Tube 7 contained 1ml of solution. 

The pipette tips were changed between each transfer to avoid contamination. 

The calibrator diluent RD5-56 acts as the zero standard.  

Procedure 

Prepare PGE2 standard as above description 

Add 150µl of standard and samples to microplate in duplicate 

Add 200µl of calibrator diluent RD5-56 to the non-specific binding site (NSB) 

Add 150 µl of calibrator diluent RD5-56 to the zero standard (B0) 

Add 50 µl of the primary antibody solution to each well, excluding the NSB 

well 

Cover plate and incubate for 1 hr on the microplate shaker 

Add 50µl of PGE2 conjugate to each well, cover and incubate on shaker for 2 

hrs 

Wash all wells using wash buffer in squirt bottle (repeat several times to 

ensure thorough removal of all reagents) 

Mix colour reagent A and B in equal volumes 10 mins before needed 

All colour reagent mixture to each well, protect from light using aluminium foil 

and leave to incubate for 30 mins on bench top 

Add 100µl of stop solution to each well 

Read microplate within 30 mins of adding stop solution using a 

spectrophotometer set at an absorption of 450nm 
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5.12 Appendix 12 

Publication 
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a b s t r a c t

Introduction: There is evidence that premature rupture of the fetal membrane at term/preterm is a result
of stretch and tissue weakening due to enhanced prostaglandin E2 (PGE2) production. However, the effect
of tensile strain on inflammatory mediators and the stretch sensitive protein connexin-43 (Cx43) has not
been examined. We determined whether the inflammatory environment influenced tissue composition
and response of the tissue to tensile strain.
Methods: Human amniotic membranes isolated from the cervix (CAM) or placenta regions (PAM) were
examined by second harmonic generation to identify collagen orientation and subjected to tensile testing
to failure. In separate experiments, specimens were subjected to cyclic tensile strain (2%, 1 Hz) for 24 h.
Specimens were examined for Cx43 by immunofluorescence confocal microscopy and expression of COX-
2 and Cx43 by RT-qPCR. PGE2, collagen, elastin and glycosaminoglycan (GAG) levels were analysed by
biochemical assay.
Results: Values for tensile strength were significantly higher in PAM than CAM with mechanical pa-
rameters dependent on collagen orientation. Gene expression for Cx43 and COX-2 was enhanced by
tensile strain leading to increased PGE2 release and GAG levels in PAM and CAM when compared to
unstrained controls. In contrast, collagen and elastin content was reduced by tensile strain in PAM and
CAM.
Discussion: Fibre orientation has a significant effect on amniotic strength. Tensile strain increased Cx43/
COX-2 expression and PGE2 release resulting in tissue softening mediated by enhanced GAG levels and a
reduction in collagen/elastin content.
Conclusion: A combination of inflammatory and mechanical factors may disrupt amniotic membrane
biomechanics and matrix composition.

Crown Copyright © 2014 Published by Elsevier Ltd. All rights reserved.
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