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Myofibroblast differentiation in human fetal membranes

Penny Clare McParland

Abstract

The occurrence of fetal membrane rupture is a key event in the process of parturition, and may
be the initiator of labour at term and preterm. The structural integrity of the fetal membrane
sac is therefore vital for the successful maintenance of pregnancy. Previous evidence
suggested the presence of a region of altered fetal membrane morphology within the rupture
line following term labour and delivery, which if present prior to the onset of labour may
represent a region of structural weakness, predisposing the fetal membranes at that site to
subsequent rupture.

This study has demonstrated the presence of extreme altered morphology in a restricted region
of the fetal membranes overlying the cervix prior to, and during, labour at term. This was
associated with myofibroblast differentiation as evidenced by expression of a-smooth muscle
actin. It was also associated with expression of the matricellular proteins tenascin-C and
osteonectin within the connective tissue layer of the chorion, the reticular layer.

The expression of a-smooth muscle actin, tenascin-C and osteonectin in the reticular layer
was stimulated in vitro by either removal of the cellular layers of the fetal membrane, or by
addition of TGF-B1. The differentiated myofibroblast phenotype, restricted in its expression
within the gestation sac at term, was detected throughout the gestation sac in the first and
second trimesters. At this stage of pregnancy it was associated with expression of osteonectin,
but not of tenascin-C.

It is proposed that myofibroblast differentiation within the fetal membrane sac, and the
associated expression of matricellular proteins, is required for the remodelling of the
extracellular matrix of the fetal membranes in order to accommodate the growing fetus. The
temporal and regional patterns of myofibroblast differentiation, and its property of
contractility, suggests that it plays a key role in protecting the unsupported fetal membrane
from untimely rupture.
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Chapter 1

General Introduction

1.1. Parturition and fetal membrane rupture

1.1.1. Parturition
Parturition is the physiological process by which the fetus, placenta, and fetal membranes

are expelled from the mother’s reproductive tract, and occurs on average at 280 days from
the first day of the last menstrual period in the human. Labour is the occurrence of regular
involuntary uterine contractions, which result in dilatation of the cervix, and delivery of the
fetus, placenta and membranes from the uterus (Moore & Persaud, 1998). Clinically,
labour is considered to consist of three stages (Beazley, 1995):

1. During the first stage of labour, regular myometrial contractions lead to dilatation of

the cervix.

2. The second stage of labour occurs once full dilatation of the cervix has occurred. The

fetus is expelled from the uterus.

3. The placenta and fetal membranes are then expelled from the uterus during the third
stage of labour.

Prior to the onset of clinically apparent contractions, a number of processes occur in
preparation for the onset of labour. The lower segment of the uterus, derived from the
uterine isthmus, develops during the third trimester (Morrison, 1972). Prior to the onset of
labour, ‘ripening’ of the cervix occurs, with clinical detection of effacement, softening, and
dilatation, arising from underlying changes in the collagen cross-linking and
glycosaminoglycan content of the cervix (Tumbull & Lopez Bernal, 1994). The
myometrium remains largely quiescent during pregnancy, with development of irregular
uterine activity, Braxton Hicks contractions, predominantly from 32 weeks onwards
(Turnbull & Lopez Bernal, 1994). The onset of regular co-ordinate uterine contractions

marks the onset of labour.



These processes are considered by Casey & MacDonald be part of parturition, the onset of
which they distinguish from the onset of labour. Phase 0, ‘quiescence’, extends for the
majority of pregnancy. This is followed by a state of ‘activation’ of the uterus, phase 1, in
response to uterotropins, which defines the onset of parturition. Cervical ripening and
formation of the lower uterine segment occur at this time. The primed uterus then may
undergo ‘stimulation’, phase 2, with occurrence of uterine contractions, and lastly
‘involution’ of the uterus following delivery corresponds to phase 3 (Casey & MacDonald,
1993). The relationship between these phases of parturition and the clinical stages of
labour is illustrated in Figure 1.1.

1.1.2. Term parturition

Term parturition is defined as that occurring between 37 and 42 completed weeks (259 to
294 days) from the first day of the last menstrual period.

The usual fate of the fetal membranes in term labour is to rupture during the first or second
stage of labour. In the majority of women in labour at term, the fetal membranes rupture
during the latter part of labour, at 9 cm dilatation or greater (Figure 1.2) (Romero ef al.,
1999). In approximately 5-10% of term births, however, the fetal membranes rupture prior
to the onset of labour (Duff, 1996); this is termed pre-labour rupture of the fetal
membranes (PROM). Over 90% of women will labour within 24 hours of PROM at term
(Egan & O'Herlihy, 1988). A latency period of greater than 24 hours following term
PROM is associated with an increased risk of the development of intrauterine infection
(Duff, 1996). The greater the latency period, the greater the risk of intrauterine infection
(Mead, 1980). Thus infection appears to be a consequence rather than a precursor of
PROM at term. The timing of membrane rupture at term, either prior to or during labour,

therefore appears to be part of a continuum, rather than a pathological process.

1.1.3. Preterm parturition

Preterm parturition is defined as that occurring prior to 37 completed weeks (259 days)
from the first day of the last menstrual period (Kaltreider & Kohl, 1980). It occurs in 7-
10% of pregnancies, and despite medical advances, rates are increasing (Yan & Yin, 1990;
Creasy, 1993). Preterm delivery is responsible for significant neonatal morbidity and
mortality, and accounts for 85% of the deaths of normally formed infants (Copper et al.,

1993). Preterm deliveries may arise as a consequence of three (approximately equally
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Figure 1.1. The relationship between the phases of parturition defined by Casey & MacDonald (1993), the
clinically defined stages of labour, the effacement and dilatation of the cervix, and the rupture of the fetal

membranes.
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Figure 1.2. The cumulative relative frequency at which spontaneous fetal membrane rupture occurred
during labour (from 4cm dilatation to delivery). (Drawn from data obtained from Romero et al, 1999).



proportioned) precursors (Gomez et al., 1997): medically indicated deliveries; preterm
labour; and preterm pre-labour rupture of the membranes (PPROM).

Preterm pre-labour rupture of the fetal membranes occurs in 1-2% of all pregnancies, and
precedes approximately 30% of preterm births (Major & Garite, 1997). Although
numerous epidemiological and clinical associations with PPROM have been described,
multivariate analysis isolates just three significant predictors (Harger et al, 1990):
smoking; gestational bleeding; and previous preterm birth. Intrauterine infection has been
described as both a precursor and a consequence of PPROM. Approximately 25% of
women presenting with PPROM will have positive amniotic fluid cultures at presentation,
compared to 75% at the onset of labour at the end of the latency period (Romero et al.,
1988). The length of the latency period prior to the onset of labour following PPROM is
inversely related to the gestation (Lewis et al., 1992; Savitz et al., 1997).

The occurrence of fetal membrane rupture is a key event in the process of parturition, and
may be the initiator of labour at term and preterm. The structural integrity of the fetal
membrane sac is therefore vital for the successful maintenance of pregnancy. In order to
understand this essential function of the fetal membranes, we need to understand the nature
of the tissues of the fetal membranes, and the basis for their inherent strength, and the
changes that they undergo during pregnancy.

1.2. Development and structure of the fetal membranes

Embryologically, the true fetal membranes consist 6f the amnion fused to the chorion
laeve. However, immediately following labour and delivery a cleavage plane develops
within the decidua parietalis, and thus the ‘fetal membranes’ expelled following labour and
delivery consist of the amniochorion, with an attached layer of decidua parietalis. In order
to understand the structure of the membranes, it is first necessary to understand how they

have arisen and developed.

1.2.1. Embryological origin and development of the fetal membranes

Following fertilisation, the human ovum undergoes a series of cell divisions to form a ball
of cells, the morula. It is the morula that enters the endometrial cavity approximately three

days after fertilisation. The internal cells of the morula (the inner cell mass) will ultimately
5



give rise to the tissues of the embryo, yolk sac, amnion and connective tissue layer of the
chorion (Sadler, 1985; Moore & Persaud, 1998; Benirschke & Kaufmann, 2000) (Figure
1.3a). The outer cell mass gives rise to the trophoblast. Following formation of a fluid
space (blastocoele), the embryo is known as a blastocyst, and undergoes implantation into
the wall of the uterus approximately six days following fertilisation (Sadler, 1985; Moore
& Persaud, 1998).

The inner cell mass differentiates into two layers (hypoblast and epiblast) to form the
bilaminar germ disc. The amniotic cavity appears as a slit-like cavity either within the
epiblast (Sadler, 1985; Moore & Persaud, 1998), or between the epiblast and trophoblast
(Bourne, 1962; Schmidt, 1992; Benirschke & Kaufmann, 2000). Thus the amnioblasts
which form the membrane (amnion) surrounding the amniotic cavity have been reported to
differentiate solely from the epiblast (Sadler, 1985; Schmidt, 1992; Moore & Persaud,
1998), solely from the cytotrophoblast (Bourne, 1962; Benirschke & Kaufmann, 2000), or
from both populations of cells (Hoyes, 1975). The inner surface of the cytotrophoblast
- becomes lined by Heuser’s membrane, formed by cells deriving from the hypoblast, and
the cavity (formerly the blastocoele) is known as the exocoelomic cavity (or primary yolk
sac) (Figure 1.3b). Cells derived from the trophoblast then form a loose connective tissue
layer (extra-embryonic mesoderm) between the inner surface of the cytotrophoblast and
the lining of the exocoelomic cavity. Formation of a fluid cavity within the extra-
embryonic mesoderm occurs, forming the extra-embryonic coelom. The primary yolk sac

decreases in size, and the smaller secondary yolk sac is formed (Moore & Persaud, 1998).

By thirteen days following fertilisation the bilaminar germ disc, with the amniotic cavity
and secondary yolk sac adjacent to the disc, lies witlﬁn the extra-embryonic coelom (the
chorionic cavity) attached by the connecting stalk (extra-embryonic mesoderm) to the
surrounding trophoblast shell (Sadler, 1985). As the bilaminar germ disc undergoes
gastrulation and forms a trilaminar disc and folds, the amniotic cavity formerly on one side
of the disc surrounds the embryo. The connecting stalk becomes the umbilical cord,
connecting the embryo to the placenta. The trophoblast shell surrounding the pregnancy
implants within the endometrium, and is entirely covered with villi (Figure 1.3¢). As the
pregnancy expands, the chorionic villi on the embryonic pole proliferate, giving rise to the
chorion frondosum (the placenta). The villi, and overlying decidua, at the abembryonic
pole degenerate, forming the chorion laeve and decidua capsularis (Sadler, 1985; Moore &
Persaud, 1998; Benirschke & Kaufmann, 2000) (Figure 1.3d).



(a) Day 4

Outer cell mass (trophoblast)

Inner cell mass (embryoblast)

Blastocoele

(b) Day 9 Syncytiotrophoblast
Cytotrophoblast

Amniotic cavity

Epiblast
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Exocoelomic (Heuser’s) membrane

Exocoelomic cavity (primary yolk sac)

(c) End of
Chorionic villi week 3
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Chorion frondosum
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Chorionic cavity (extra-embryonic coelom)

Chorion laeve

Decidua capsularis

Figure 1.3. The development of the fetal membranes, placenta and embryo up to the beginning of the 2nd
month after fertilisation. (Redrawn from Sadler (1985), with permission).



As the pregnancy progresses, the amniotic sac enlarges faster than the chorionic sac, the
amnion and chorion fuse, and the extra-embryonic coelom is obliterated (Figure 1.4a&b).
The amnion then covers the surface of the umbilical cord, and the surface of the placenta.
This process has been reported to be completed by the twelfth week post-conception
(Benirschke & Kaufmann, 2000). The amniochorion, with overlying decidua capsularis,
reaches and fuses with the decidua parietalis, reported at 15-20 weeks post-conception
(Benirschke & Kaufmann, 2000) and at 22-24 weeks gestation (Moore & Persaud, 1998),
thus obliterating the uterine cavity (Figure 1.4c). The formation of the chorio-decidual
interface of the fetal membranes in mid-pregnancy has been suggested to occur as a
process analogous to formation of anchoring villi at placental implantation (Bell & Malak,
1994). This region is rich in onco-fetal fibronectin (Lockwood et al, 1991), which has
been suggested to act as a trophoblast ‘glue’, stabilising the interface (Feinberg et al.,
1991).

Thus the amniotic epithelium is derived from the trophoblast (outer cell mass), epiblast
(from the inner cell mass) or both. The underlying amniotic connective tissue layers from
the extra-embryonic mesoderm (derived from the hypoblast from the inner cell mass), the
spongy layer from the obliteration of the extra-embryonic coelom, and the connective

tissue layer ofthe chorion from the extra-embryonic mesoderm.

1.2.2. Structure of the fetal membranes

The fetal membranes have been reported to consist of 9 or 10 layers. The amniotic
epithelium, amniotic basement membrane, compact layer, fibroblast layer, spongy layer,
reticular layer, pseudobasement membrane, cytotrophoblast layer and attached decidua
parietalis have all been consistently described, and are illustrated in Figure 1.5 (Bourne,
1962; Schmidt, 1992). Additionally a further layer has also been described between the

spongy and reticular layers, termed the cellular layer (Bourne, 1962).

[.2.2.1. Amniotic epithelium

The amniotic epithelium is a simple cuboidal epithelium. The cells are tightly opposed to
each other connected by desmosomes, and exhibit numerous microvilli on the apical and
lateral borders (Hoyes, 1975; van Herendael ef al/, 1978). At the bases, cell processes

extend into the underlying basement membrane (van Herendael et al, 1978).



(a) Prior to 12

weeks of
gestation Chorion frondosum (placenta)

Decidua basalis

Amnion

Amniotic cavity
Extra-embryonic coelom
Chorion laeve

Decidua capsularis

Decidua parietalis

(b) Week 12-15
Decidua basalis of gestation

Chorion frondosum (placenta)
Amniotic cavity
Amnio-chorion

Decidua capsularis

Decidua parietalis

(c) After 24 weeks
of gestation

Placenta

Fetal membranes

Decidua parietalis

Internal os of cervix

Figure 1.4. The stages of fusion of the components ofthe fetal membranes. Prior to 12 weeks of gestation
the amnion and chorion are free (a). After 12 weeks of gestation the amnion and chorion exist as the fused
amniochorion (b). Fusion of the amniochorion with the decidua parietalis has been reported to occur
between 15-24 weeks gestation. It has certainly occurred by 24 weeks gestation (c). In this diagram the
amniochorion in the lower part of the uterus is shown as unfused with the decidua parietalis, although the
literature does not clarify whether this is correct. Redrawn from Moore & Persaud (1998), with permission
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Amniotic epithelium
Compact layer

Fibroblast layer

Spongy layer

Reticular layer

Cytotrophoblast
layer

Decidua
parietalis

Amniotic epithelium
Compact layer
Fibroblast layer
Spongy layer
Reticular layer
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V' Decidua parietalis

100pm

Figure 1.5. Diagrammatic representation and haematoxlyin and eosin stained section of term fetal
membrane, demonstrating the constituent layers of the amnion (amniotic epithelium, compact layer,
fibroblast layer), the spongy layer, the chorion (reticular layer and cytotrophoblast layer) and attached
decidua parietalis (a). (Line diagram redrawn from Malak & Bell (1994) with permission). The full
thickness ofthe fetal membranes, and constituent layers, is illustrated in (b).



1.2.2.2. Amniotic basement membrane

Beneath the amniotic epithelium lies the amniotic basement membrane, rich in collagen
types IV and V (Modesti et al., 1989; Schmidt, 1992; Malak et al., 1993), fibronectin and
laminin (Schmidt, 1992). The basement membrane is anchored to the underlying stroma by
a fibrillar network containing collagen types V and VII (Modesti ef al., 1984; Keene et al.,
1987; Modesti et al., 1989; Malak & Bell, 1996) and fibrillin (Malak & Bell, 1994a).

1.2.2.3. Compact layer

The acellular compact layer lies immediately adjacent to the amniotic basement membrane
to which it is densely adherent (Bourne, 1962). It contains collagen types I (Malak ef al.,
1993), III (Malak et al., 1993), V (Malak et al., 1993), VI (Malak et al., 1993) and VII
(Keene et al., 1987), as well as small amounts of collagen IV (Malak et al., 1993). Non-
collagenous components of this extracellular matrix layer include fibrillin (Malak & Bell,
1994a), fibronectin (Aplin et al., 1985), and elastin fibres (Hieber et al., 1997). The elastin
fibres within this, and the other layers of the fetal membrane, are very fine, just 1% the
diameter of those occurring in the aorta (Hieber et al., 1997). Ultrastructural examination
reveals densely packed collagen fibrils (Aplin et al., 1985; Malak et al., 1993; Fawthrop &
Ockleford, 1994).

1.2.2.4. Fibroblast layer

The fibroblast layer lies beneath the compact layer. It comprises a diffuse network of
fusiform and stellate cells lying within an irregular network of fibrils (Bourne, 1962). The
cellular populations have been reported to be mainly fibroblasts (Bourne, 1962; Schmidt,
1992), with a second population of cells described as macrophages (Bulmer & Johnson,
1984), ultrastructurally typical Hofbauer cells (Bourne, 1962; Hoyes, 1975) or ‘histiocytic
connective tissue cells’ (Schmidt, 1992). The ‘fibroblastic’ population of cells have been
described as containing moderately well formed endoplasmic reticulum, and large
glycogen deposits (Bourne, 1962; Hoyes, 1975; Schmidt, 1992). However, intracellular
bundles of microfibrils which also project from the cell surface in places have been
described (Bourne, 1962), and bundles of filaments with dense bodies noted to be
analogous to those normally observed in smooth muscle cells (Hoyes, 1975). The cells
have, however, been considered to be fibroblasts. The second, non-fibroblast, population of
cells express CD68 (Schmidt, 1992), HLA-DR (Sutton et al., 1983; Bulmer & Johnson,
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1984), and CD14 (Bulmer & Johnson, 1984; Malak, 1995). They are fetal cells (Sutton et
al., 1983), which have been described as macrophages (Bulmer & Johnson, 1984) or
dendritic cells (Sutton et al., 1983). They have been suggested to differentiate from
macrophages (Hoyes, 1975), or from fibroblasts (Schmidt, 1992).

The extracellular matrix comprises collagen types I (Malak et al., 1993), III (Malak et al.,
1993), V (Malak et al., 1993), VI (Malak et al., 1993) and IV (Malak et al., 1993), fibrillin
(Malak & Bell, 1994a), fibronectin (Lockwood ef al., 1991), and elastin fibres (Hieber et
al., 1997). The layer contains micro-trabeculae containing type IV collagen, laminin and
nidogen, and are of uncertain origin and function (Ockleford et al., 1993a).

1.2.2.5. Spongy layer

The spongy layer, also known as the intermediate layer, lies between the connective tissue
layers of the amnion and chorion, and represents a condensation of the extra-embryonic
coelom (Bourne, 1962; Schmidt, 1992). When the amnion and chorion are separated
following delivery, the spdngy layer may adhere to either amnion or chorion (Schmidt,
1992). 1t is fluid rich, containing proteoglycans (Bourne, 1962; Schmidt, 1992). It also
contains collagen types I (Malak et al., 1993), III (Malak et al., 1993), IV (Malak et al.,
1993), V (Malak et al., 1993) and VI (Malak et al., 1993), fibronectin (Lockwood et al.,
1991), and elastin fibres (Hieber et al., 1997). The spongy layer may swell considerably
and is believed to permit movement of the amnion over the underlying chorion (Bourne,
1962). Coiled fibrous structures detected within the spongy layer are believed to facilitate
this movement (Ockleford ef al., 1993a). The sparse cells within the layer are believed to
comprise fibroblasts and macrophages (Schmidt, 1992) or Hofbauer cells (Bourne, 1962).

1.2.2.6. Cellular layer

The cellular layer has been reported to be difficult to visualise in all fetal membrane
specimens, and comprises a single layer of fibroblasts lying between the spongy layer and

reticular layer (Bourne, 1962).

1.2.2.7. Reticular layer

The reticular layer is the connective tissue layer of the chorion. It is in continuum with the

chorionic plate of the placenta, although the reticular layer of the chorion laeve is
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avascular. It contains collagen types I (Malak er al., 1993), III (Aplin & Campbell, 1985;
Malak et al., 1993), IV (Malak et al., 1993), V (Malak et al., 1993) and VI (Malak et al.,
1993), fibrillin (Malak & Bell, 1994a), fibronectin (Aplin & Campbell, 1985; Lockwood et
al., 1991), elastin fibres (Hieber et al., 1997), and proteoglycans.

The cellular population of the reticular layer has been reported to be solely fibroblasts
(Schmidt, 1992), or to consist of fibroblasts and macrophages (or Hofbauer cells) (Bourne,
1962; Nehemiah et al., 1981). The fibroblastic cells have ultrastructural features including
dilated endoplasmic reticulum and glycogen granules (Schmidt, 1992). However, cells
with indented nuclei, bundles of myofilaments with dense bodies, thickened areas of
plasma membrane, and discontinuous basement-membrane-like material on the cell surface
have been described (Wang & Schneider, 1983; Malak, 1995). Invaginations of the cell
surface similar to the caveolae of the smooth muscle cell membrane, and intercellular
communicating channels have also been observed (Bartels & Wang, 1983). These are
ultrastructural features associated with smooth muscle cells, and therefore these cells have
thus been considered to be myofibroblasts (Bartels & Wang, 1983; Wang & Schneider,
1983; Malak, 1995). Studies of these cells throughout gestation demonstrated highly
developed rough endoplasmic reticulum, glycogen deposits, and groups of fine filaments
with localised electron-dense areas in the first trimester (Hoyes, 1971). The frequency of
detection of the fine filaments decreased with increasing gestation. The reticular layer cells
also express intermediate filaments vimentin and desmin (Khong et al., 1986; Ockleford et
al., 1993b), and dipeptidyl peptidase IV (Imai et al., 1994; Malak, 1995; Kohnen et al.,
1996).

The non-fibroblast population of the layer are fetal in origin (Sutton et al., 1983). Their
nature is uncertain. They have been considered as tissue macrophages on the basis of their
expression of leucocyte-common antigen and CD14 (Bulmer & Johnson, 1984; Malak,
1995), or as dendritic cells based on their expression of HLA-DR (Sutton et al., 1983;
Bulmer & Johnson, 1984), and factor XIIIa (Trimble et al., 1992).

1.2.2.8. Pseudobasement membrane

This is the basement membrane of the trophoblast, to which it is firmly adherent. It
comprises collagen IV (Schmidt, 1992; Malak et al., 1993) and III (Aplin & Campbell,
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1985), fibronectin (Aplin & Campbell, 1985), laminin (Schmidt, 1992) and merosin
(Malak & Bell, 1996).

1.2.2.9. Cytotrophoblast layer

The cytotrophoblast layer of the chorion consists of 2-10 layers of round/polygonal cells
(Bourne, 1962), and is considered the epithelial layer of the chorion. Two subpopulations
have been described (Yeh et al., 1989): 1) A population of vacuolated cells adjacent to the
pseudobasement membrane which express placental alkaline phosphatase but are negative
for human placental lactogen; 2) A population of eosinophilic cytotrophoblast cells
adjacent to the decidua which are positive for human placental lactogen, and weakly
positive for placental alkaline phosphatase. These populations have been designated the
basal and superficial cytotrophoblast respectively (Malak & Bell, 1996). The basal
cytotrophoblast cells are tightly packed (Malak & Bell, 1996). The vacuolated appearance
of the basal cytotrophoblast cells may be due to their content of soluble glycogen
(Schmidt, 1992; Bell & Malak, 1997). Within the cytotrophoblast layer lie degenerate villi,
remnants of chorionic villi consisting of evaginations of the reticular layer down into the
cytotrophoblast layer (Bourne, 1962). These structures are observed more frequently in the
fetal membranes adjacent to the placenta (Schmidt, 1992; Malak, 1995).

The extracellular matrix surrounding the cytotrophoblast cells comprises collagen types IV
(Aplin & Campbell, 1985; Malak et al., 1993), V (Malak et al., 1993), III (Aplin &
Campbell, 1985) and VI, fibrillin (Malak & Bell, 1994a), soluble elastin (Hieber et al.,
1997), laminin (Aplin & Campbell, 1985; Schmidt, 1992), and fibronectin (Schmidt,
1992). Collagen type I has been described by some authors (Aplin & Campbell, 1985), but
noted to be absent by others (Malak ef al., 1993). Malak et al described collagen type 1I
between the superficial cytotrophoblast cells, but not the basal cytotrophoblast cells (Malak
et al., 1993).

The interface between the cytotrophoblast layer and decidua parietalis is typically
indistinct, with superficial cytotrophoblast cells often interspersed with decidual cells
(Bourne, 1962; Schmidt, 1992; Malak & Bell, 1996). The cytotrophoblast-decidual
interface is rich in onco-fetal fibronectin (Lockwood et al., 1991). A layer of fibrinoid
material is often observed at this interface (Schmidt, 1992).
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1.2.2.10. Decidua

The layer of decidua attached to the shed fetal membranes is decidua parietalis (Benirschke
& Kaufmann, 2000). It contains decidual cells, macrophages (Nehemiah et al., 1981;
Bulmer & Johnson, 1984), blood vessels (Benirschke & Kaufmann, 2000), and occasional
degenerate glands. The decidual cells are surrounded by basement membrane-like material
containing collagen IV (Malak et al., 1993) and laminin (Benirschke & Kaufmann, 2000).
The matrix also contains collagen types I (Malak ef al., 1993), I, IIT (Aplin & Campbell,
1985;‘Ma1ak et al., 1993) and V (Malak et al., 1993), fibronectin (Aplin & Campbell,
1985) and soluble elastin (Hieber et al., 1997).

1.3. Fetal membrane behaviour and properties

The structural integrity of the fetal membranes is vital for the successful maintenance of
the pregnancy to term. The behaviour of the fetal membranes during pregnancy must allow
the expansion and growth of the sac and its contents, yet remain intact to permit the
continuation of the pregnancy. The understanding of these functions, which can be
considered in terms of biophysical properties, and biochemical and endocrine functions,

will assist in the understanding of underlying basis of the integrity of the membranes.

1.3.1. Biophysical properties of the fetal membranes

The biophysical properties of the fetal membranes have been examined in depth, to
determine possible mechanisms of fetal membrane rupture, and examine for evidence for
generalised structural weakness. The molecular and cellular basis of the structural stability
of the fetal membranes relies on the collagens, and their structural arrangement within the
amnion and chorion. The collagens form the major structural components of the fetal
membranes. Interstitial collagens, types I and III are found throughout the amniochorion
(Malak et al., 1993). In the amnion both amniotic epithelial cells (Aplin et al., 1985) and
mesenchymal cells (Casey & MacDonald, 1996) have been demonstrated to synthesise the
interstitial collagens. Anchoring fibrils of collagen V extend into the underlying stroma,
binding the basement membrane to the interstitial collagens (Modesti et al., 1984; Modesti
et al., 1989). The compact layer comprises densely packed collagen fibrils arranged
parallel to the amniotic epithelium. The basement membrane, compact layer, fibroblast
layer are held together by ‘rivets’ of collagen VII (Ockleford et al., 1997). Collagens types

IV (generally associated with basement membranes) and VI are found throughout the
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amnion and chorion, suggesting a significant structural role (Malak et al., 1993). Fibres
crossing the spongy layer, from reticular layer to fibroblast layer, were observed, and have
been suggested to function as ‘guy-ropes’, limiting the degree of movement permitted of
amnion upon chorion. Demonstration of complementary gyri and sulci with a helical
substructure on the opposing surfaces of the fibroblast and reticular layers facing the
spongy layer suggests a mechanism for permitting movement of amnion upon chorion
whilst still maintaining structural integrity (Fawthrop & Ockleford, 1994). The feto-
maternal interface appears to be stabilised by onco-fetal fibronectin (Feinberg et al., 1991;
Lockwood et al., 1991).

The fetal membranes are visco-elastic in behaviour. They extend under deformation
(elasticity), but only the elastic component will recover, thus the membrane does not return
completely to its original state: properties termed ‘elastic extension’ (the recoverable
component) and ‘creep extension’ (the non-recoverable viscous component) (Lavery &
Miller, 1977, Lavery & Miller, 1979; Alger & Pupkin, 1986). The elastic properties of the
fetal membranes had been attributed to the presence of fibrillin microfibrils, due to the
absence of demonstrable elastin fibres (Malak & Bell, 1994a). Subsequent work, however,
has demonstrated the presence of very thin elastic fibres and sheets, 1% the size of those
isolated from the aorta (Hieber ef al., 1997). Thus the fetal membranes recoil following
their expulsion from the uterus. It has been estimated that the internal surface area of the
uterus at term is 2.1 times (Parry-Jones & Priya, 1976) greater than the surface area of the

gestational sac following delivery.

The strength of the fetal membranes, upon biomechanical testing, is such that they are
unlikely to rupture during physiological contractions (French & McGregor, 1996). Studies
indicate that the main tensile strength of the amniochorion lies in the thinner of the two
main components, the amnion (Meudt & Meudt, 1967), which requires more pressure to
burst, and has 5 times the ability to withstand stress than the choriodecidua (Polishuk et a/.,
1962). However, the integrity of the amniochorion appears vital, with the combined
strength of the membranes being greater if the amnion and chorion are not delaminated
(French & McGregor, 1996). The amniochorion obtained prior to labour and delivery
demonstrate biomechanical properties of a single membrane, exhibiting greater strength
than those obtained following labour and delivery, which typically demonstrated evidence
of functional amnio-chorial separation (Helmig et al., 1993). It has been demonstrated that
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a ‘two-phase’ rupture of the fetal membranes commonly occurs, with the chorion rupturing
prior to the amnion (Meudt & Meudt, 1967; Schmidt, 1992).

It has been noted that during labour the contraction during which fetal membrane rupture
occurred was not the strongest contraction in 86% of cases (Toppozada et al., 1970). Fetal
membranes subjected to repeated stretching (analogous to uterine activity) require less
pressure to rupture than prior to the repeat stretching, an observation suggested to be due to
the phenomenon of ‘strain-hardening’ (Toppozada et al., 1970). It has therefore been
suggested that repetitive stress from contractions causes gradual thinning of the fetal
membranes, due to creep extension, and further strain hardening would cause the
membranes to become brittle, and rupture at a stress level below that expected (Alger &
Pupkin, 1986; Polzin & Brady, 1991; French & McGregor, 1996).

This complex biophysical behaviour is reinforced by the observation that fetal membranes
obtained following preterm pre-labour rupture of the membranes, which logically may be
expected to be ‘weak’ have been demonstrated to have a bursting pressure greater than
term fetal membranes (Alger & Pupkin, 1986). These properties and evidence mitigate
against a generalised weakness of the fetal membranes leading directly to fetal membrane

rupture.

1.3.2. Biochemical properties of the fetal membranes

Following a period of growth of the fetal membranes in the first half of pregnancy, it is
believed that the increase in size of the gestational sac during the second half of pregnancy
is due to stretch. This was suggested by a lack of mitotic activity in the fetal membranes in
the second half of pregnancy (Alger & Pupkin, 1986). The greatest capacity for collagen
synthesis and cross-linking by lysyl oxidase occurs in the first part of pregnancy, up to 16
weeks gestation (Casey & MacDonald, 1996). A decrease in the collagen content of the

amnion has been demonstrated over the last 8 weeks of pregnancy (Skinner ef al., 1981).

The extracellular matrix of the fetal membranes undergoes continuous turnover and
remodelling. The synthesis of the strength-giving matrix components must be balanced by
the degradative enzymes. The key degradative enzymes are the matrix metalloproteinase
(MMP) family, their modifiers (tissue inhibitors of metalloproteinases, TIMPs), the
plasminogen activators (tissue-type plasminogen activator, t-PA, and urokinase-type

plasminogen activator, u-PA) and their inhibitors (plasminogen activator inhibitors, PAI-1
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and PAI-2). The MMPs have specific substrates, and are secreted as latent forms, activated
by other MMPs or plasmin, and inhibited by the TIMPs. The collagenases (MMP-1 and
MMP-8) degrade collagen types I and III. The gelatinases (MMP-2 and MMP-9) degrade
collagens IV, V and VII, fibronectin and elastin. The stromelysins (MMP-3, MMP-7 and
MMP-10) exhibit broader specificity including proteoglycans, fibronectins and collagens
(Woessner, 1991; Mignatti et al., 1996; Hulboy et al., 1997). Within the fetal membranes,
MMP-9 and MMP-1 have been localised primarily to the amniotic epithelium and
cytotrophoblast layer, as well as to the fibroblast layer (Vadillo-Ortega et al., 1995;
Fortunato et al., 1997 Hulboy, 1997 #85), and MMP-2 to the amniotic epithelium and
cytotrophoblast layer (Fortunato er al., 1997). Members of the TIMP family have been
demonstrated throughout the fetal membranes (Fortunato ef al., 19975. Relaxin, produced
by the decidua, has been demonstrated to modify activity of the MMP family, with
upregulation of MMP-1, MMP-3 and MMP-9 (Bogic et al., 1997).

1.3.3. The endocrine functions of the fetal membranes

The fetal membranes can be considered not only in terms of biochemical and biophysical
function but also in terms of their endocrine properties. They have been demonstrated to
play a role in the synthesis and regulation of a number of regulators of parturition,
including prostaglandins, cytokines and oxytocin. Their role in the degradation of the
uterotonic agents prostaglandins, oxytocin, and endothelin may act to maintain myometrial

quiescence.

Prostaglandin E; and prostaglandin F,, have been demonstrated to play a role in uterine
activity: blockage of their synthesis inhibits uterine activity, and administration of
exogenous prostaglandins to the pregnant woman stimulates myometrial contraction
(Casey & MacDonald, 1993). Prostaglandins are synthesised from arachidonic acid by
cyclo-oxygenase type 1 and type 2 (COX-1 and COX-2, also known as prostaglandin
endoperoxide synthase type 1 and type 2), and metabolised to biologically inactive
metabolites by prostaglandin dehydrogenase (PDGH) (Smith & DeWitt, 1996). COX-1 has
been demonstrated to be constitutively expressed throughout the fetal membranes. COX-2
expression, however, has been demonstrated within the amniotic epithelium, fibroblast
layer, reticular layer and decidua (Slater et al., 1995). Upregulation of COX-2 mRNA in
amnion, and to a lesser extent in choriodecidua and myometrium has been demonstrated
with the onset of labour (Slater et al., 1995). Thus increased levels of prostaglandins,

derived from the fetal membranes, are detected within amniotic fluid with labour (Mitchell
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et al., 1995). PGDH has been localised to the cytotrophoblast layer, where it has been
hypothesised to function to prevent active prostaglandins produced by the amnion from
reaching the myometrium (Keirse & Turnbull, 1975; Cheung et al., 1992). Reduction in
PGDH activity occurs with labour (Sangha et al., 1994). Prostaglandin production may be
stimulated by cytokines, especially by interleukin-1f and tumour necrosis factor-a which
upregulate COX-2 within amniotic epithelial cells (Trautman et al., 1996). Glucocorticoids
have a complex action on prostaglandin production. They appear to upregulate COX-2 in
the mesenchymal cells of the amnion, but to inhibit it in the amniotic epithelium
(Economopoulos e al., 1996).

The amnion, chorion, and decidua are also sites of production of oxytocin. Oxytocin is a
powerful uterotonic, but the role of oxytocin in the physiological onset of labour is unclear
(Challis et al., 2000). It is produced by the posterior pituitary, but also in a number of
peripheral sites where it is postulated to have a paracrine action (Zingg, 2001). Levels of
oxytocin gene expression by the choriodecidua increase with parturition (Chibbar et al.,
1993). Oxytocin receptors are localised to the decidua and myometrium, and are
upregulated in the latter stage of pregnancy prior to parturition (Challis e al., 2000).
Oxytocinase, which degrades oxytocin, is detected at high levels in the chorion laeve
(Germain et al., 1994).

The fetal membranes also produce a third uterotonin, endothelin-1. It is produced by
amniotic epithelial cells and is detected in high levels in amniotic fluid (Casey &
MacDonald, 1993). It usually acts in a paracrine manner (Germain et al., 1997). High
levels of activity of enkephalinase, which degrades the endothelin-1, have been detected

within the chorion laecve (Germain ef al., 1994).

1.4. Physiological fetal membrane rupture

Physiological fetal membrane rupture occurs most commonly at the end of the first stage of
term labour, although it occurs prior to labour in approximately 10% of term deliveries
(1.1.2.). The normal functions of the fetal membranes, and the factors that confer strength
have been discussed. A number of different potential underlying mechanisms of fetal
membrane rupture may be considered. Fetal membrane rupture may be considered a purely
passive process, due to the ‘bursting of a balloon’, from the increased intrauterine pressure
generated by uterine activity, or alternatively considered as an active process within the
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membranes due to biochemical changes, predisposing to rupture. Additionally, processes
may be considered as generalised, affecting the whole gestational sac, or as localised,
occurring in one region of the sac only. Each of these processes may occur in association
with labour, or prior to the onset of labour. Considerable overlap exists between the
evidence for each of these concepts. Initially these will be divided according to pre-labour
or labour assdciated processes, however within these groups, active and passive, and

generalised and localised phenomena may be identified.

1.4.1. Labour associated

The biophysical properties of the fetal membranes (1.3.1.), and in particular the
phenomenon of strain-hardening (Toppozada er al., 1970) may permit the rupture of the
fetal membranes in response to uterine contractions, and occur as a purely passive process.
This may be a generalised process, affecting the whole sac, or may be a localised process,
acting only on the fetal membranes directly overlying the cervix, once the support of the

cervix has been removed when cervical dilatation occurs.

The repeated stretching of the fetal membranes due to contractions may also induce active
degradative processes within the fetal membranes. Mechanical stretch has been
demonstrated in vitro to increase production of prostaglandin E2 (Kanayama & Fukamizu,
1989) by amniotic epithelial cells, and interleukin 8 expression (El Maradny et al., 1996;
Maehara et al., 1996) and collagenase (MMP-1) activity (El Maradny et al., 1996) by the
amniochorion. Interleukin-8 is a chemoattractant, and activator of neutrophils, but also
induces release of MMPs from neutrophils and cervical fibroblasts (El Maradny et al.,
1994; El Maradny et al., 1996).

Considerable additional evidence exists to suggest that extracellular matrix degradation in
the fetal membranes occurs in association with the onset of labour. Activation of the MMP
cascade has been demonstrated in, and has been proposed to play a causal role in the loss
of integrity of the fetal membranes leading to rupture. Increased gene expression of MMP-
1, -2, -3 and -9, relaxin, t-PA and TIMP-1 in the fetal membranes have been demonstrated
(Bryant-Greenwood & Yamamoto, 1995; Hulboy er al., 1997), and increased levels of
MMP-9 protein and activity also occurs in association with labour (Vadillo-Ortega e al.,
1995).
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Localised changes in uterotonin production have been described in association with labour,
by examination of the contents of the amniotic fluid of the forebag compared to the
hindbag. However, a higher concentration in a number of prostanoids, including
prostaglandin E, and prostaglandin F,,, occurs in amniotic fluid obtained from the forebag
(in front of the fetal head) compared to the hindbag, during labour (MacDonald & Casey,
1993; Romero et al., 1994). PDGH activity within the cytotrophoblast layer is decreased in
fetal membranes obtained from the lower uterine pole during labour at term, compared to
distal sites (Van Meir ef al., 1997), and would decrease prostaglandin degradation in this
region, permitting prostaglandins to reach the underlying myometrium. Increased
expression of IL-18 mRNA occurs in the decidua parietalis adjacent to the forebag during
labour, compared to the hindbag (MacDonald et al., 1991). These phenomena may be a
result of the process of labour, secondary to the process of stretching of the membranes
over the cervix, local release of cytokines, local application of bacteria and toxins from the
vagina (Cox et al., 1993; Romero et al., 1994), and the stripping of the decidua parietalis
from the fetal membranes and resultant hypoxia (MacDonald et al., 1991). However the
localised increased concentration of prostaglandins in the forebag amniotic fluid may play

a role in fetal membrane rupture at that site.

1.4.2, Pre-labour

Alternatively it may be considered that significant changes occur in the uterus, and in the
fetal membranes, in order to prepare for labour and programme for fetal membrane
rupture, as part of Phase 1 of parturition as described by Casey and MacDonald (Casey &
MacDonald, 1993). During this phase, upregulation of a cassette of genes including
connexin-43, prostaglandins, and oxytocin receptor occurs in the uterus, in preparation for
the onset of labour (Challis & Gibb, 1996).

The lower uterine segment develops from the isthmus of the cervix, from approximately 28
weeks gestation (Morrison, 1972). Effacement of the cervix may also occur prior to
clinically apparent labour. It has been estimated that at term, the cervix of the nullipara is
70% effaced, and that of multipara 61% effaced, in association with a mean cervical
dilatation of 2cm (although with a wide standard deviation of 0.75cm) on the day prior to
labour (Hendricks e al., 1970). The release of onco-fetal fibronectin into the cervico-
vaginal secretions in the 2-3 weeks prior to the clinical onset of labour occurs (Lockwood
et al., 1991), presumably due to the disruption of the feto-maternal interface due to these

changes in the lower segment in late pregnancy.
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Other changes prior to the onset of clinically apparent labour have been described.
Regional differences in the fetal membranes prior to the onset of labour at term have also
been noted and could be considered as local and active processes. The fetal membranes
overlying the cervix contain higher levels of MMP-9, albeit of the latent form, compared to
membranes from distal sites (McLaren ef al., 1997). This may contribute to a local
structural weakness predisposing to fetal membrane rupture.

In the absence of evidence for generalised structural weakness as a precursor of fetal
membrane rupture, extensive investigation has been undertaken to search for localised
factors that may predispose to rupture. Bourne demonstrated in 1962 that the most
common site of fetal membrane rupture, is in the membranes overlying the internal os of
the cervix (which he termed the ‘dependent’ membranes) (Bourne, 1962). He identified
this area of membrane by insertion of blue dye through the cervix prior to membrane
rupture, and demonstrated that the rupture tear always passed through this area of
membrane, which usually appeared towards one end of the rupture tear, suggesting
transmission of the tear away from the point of initial rupture. Malak et al identified
structural changes within fetal membranes in a restricted area of the rupture line,
commonly towards one end of the rupture line, an area he termed the ‘zone of altered
morphology’, or ZAM, which affected an area of fetal membranes of 4-12cm diameter
(Malak & Bell, 1994b). The ZAM was characterised by an increased thickness of the
connective tissue layers of both the amnion and chorion, and a decrease in the thickness of
the cytotrophoblast and decidual layers. A marked increase in the thickness of the spongy
layer was noted, with physical separation of amnion and chorion. Ultrastructural and
immunohistochemical studies demonstrated a decrease in the lateral and basal processes of
the amniotic epithelial cells, with a reduction of the number of desmosomes and
hemidesmosomes (Malak & Bell, 1996; Bell & Malak, 1997). A significant decrease in
immunoreactive collagen was observed in the connective tissue layers, with disruption and
disorganisation of the collagen fibres and filaments demonstrated by electron microscopy
(Malak & Bell, 1996; Bell & Malak, 1997). The reduction in the thickness of the cellular
layers of the fetal membranes was attributed in part to loss of superficial trophoblast cells,
rather than a physical change in the cleavage plane of the fetal membrane from the
underlying decidua, since decidual cells remained present overlying the cytotrophoblast
layer (Malak & Bell, 1994b). The structural changes observed in the ZAM have been
hypothesised to be consistent with structural weakness (Malak & Bell, 1994b).
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Structural changes had previously been noted in the fetal membranes adjacent to the
rupture line, with dispersal of connective tissue in the fibroblast and spongy layers (Bou-
Resli et al., 1981), and associated with reduction in collagen content of the fetal
membranes at the same site (Al-Zaid er al., 1986). Similar structural changes to those
observed in the ZAM have also been observed in the ‘dependent’ fetal membranes,
overlying the cervix prior to the onset of labour at term, by Bourne (Bourne, 1962) and
Ibrahim et al (Ibrahim er al., 1983). It is therefore hypothesised that the ZAM described
following labour and delivery, is equivalent to the ‘dependent’ membranes, and is present
prior to the onset of labour in a restricted region of the fetal membranes overlying the
cervix. This region of the fetal membranes, exhibiting features consistent with structural

weakness, is therefore potentially ‘programmed’ for fetal membrane rupture.

1.5. The ‘Wound Response’ Hypothesis
1.5.1. The ‘wound response’ hypothesis as a mechanism for fetal membrane rupture

The features of the regional structural changes in the fetal membranes described following
spontaneous labour and delivery at term include extracellular matrix synthesis and
degradation, and share many similarities with the classical ‘wound response’. The soft
tissue wound response has a number of overlapping stages: inflammation (early and late
phases); granulation tissue formation and re-epithelialisation; and extracellular matrix
formation and remodelling. Soft tissue injury causes vascular damage, activation of the
coagulation cascade, and platelet aggregation. Thrombin release induces platelet
degranulation, and the consequent cytokine release attracts macrophages and neutrophils,
which clear cell debris. The fibrin clot provides a provisional matrix, and a basis for
granulation tissue formation. Fibroblasts and macrophages lay down extracellular matrix,
the key components of which are collagen, fibronectin and tenascin-C. In the last phase of
the wound response, the granulation tissue is remodelled, and replaced with a more
organised matrix. Proteases break down the granulation tissue, and new matrix is laid
down. Fibroblasts differentiate into myofibroblasts, which cause wound contraction. The
final repair is generally characterised by fibrosis and scar formation. The last stage in the
wound response is apoptosis of the cells that effected the final repair, the myofibroblasts.
Throughout the wound response, not only is matrix synthesis occurring, but also matrix
degradation and remodelling (Clark, 1996).

23



Several of the key features of the wound response have been observed in association with

the fetal membranes derived from the ‘dependent’ membranes:

e The mesenchymal cells of the reticular layer of the chorion are considered by some
authors to be typical of myofibroblasts (Wang & Schneider, 1983; Malak, 1995), the

key cell in the wound response.

e Preliminary evidence suggests an increase in immunoreactive tenascin-C in the
reticular layer of the fetal membranes in the ZAM (Malak, 1995).

e Increased expression of MMP-9 is detected in the ‘dependent’ membranes overlying
the cervix prior to labour at term (McLaren et al., 1997).

e Disruption and disorganisation of the collagen fibrils within the extracellular matrix,
consistent with degradation and remodelling (Malak & Bell, 1996).

e Increased content of cytokines derived from the fetal membranes, in the amniotic fluid
of the forebag during labour (MacDonald et al., 1991; MacDonald & Casey, 1993;
Romero et al., 1994).

Thus the ZAM exhibits a number of features characteristic of a wound response. This has
led to the hypothesis that the net effect of this process may be structural weakness,
resulting in an area of the fetal membrane ‘programmed’ with increased susceptibility to
rupture due to the subsequent uterine contractions during labour (Bell & Malak, 1997). As
a key cell in the ‘wound response’, the myofibroblast would therefore also be predicted to

play a major role in the fetal membranes.

1.5.2. The myofibroblast -

The myofibroblast plays a key role in the wound response. It is a cell with morphological
and biological properties intermediate between fibroblasts and smooth muscle cells
(Sappino et al., 1990). It was first described by Gabbiani in 1971, when he discovered that
granulation tissue fibroblasts displayed ultrastructural features of smooth muscle cells
(Gabbiani et al., 1971), and subsequently that these cells exhibited contractile functions
similar to smooth muscle cells (Majno et al., 1971; Gabbiani ef al., 1972). Since that time,
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myofibroblasts have been studied extensively. They are defined in terms of their
ultrastructure (1.5.2.1.), and may be described in terms of their intermediate filament
phenotype (1.5.2.2.), and biochemical function (1.5.2.3.).

1.5.2.1. Myofibroblast ultrastructure

Numerous sources agree that the ultimate definition of a cell as a myofibroblast is based on
ultrastructure. The key features are the presence of stress fibres, cell-stroma attachment
sites (fibronexi) and intercellular intermediate and gap junctions. Additional features
described include an indented nucleus, prominent rough endoplasmic reticulum, and the
presence of an incomplete layer of basal lamina on the cell surface (Sappino et al., 1990;
Schmitt-Graff et al., 1994). Bundles of stress fibres with interspersed dense bodies lie
parallel to the long axis of the cell, often beneath the cell membrane. These are believed to
represent bundles of actin myofilaments. They connect to extracellular fibronectin fibrils at
attachment points on the cell membrane termed fibronexi (Singer er al., 1984; Eyden,
1993).

1.5.2.2. Intermediate filament phenotype

The cytoskeleton of cells is composed of three filamentous systems: microfilaments (e.g.
actin (A), myosin (M)); intermediate filaments (e.g. vimentin (V), desmin (D)); and
microtubules (e.g. tubulin) (Schmitt-Graff et al., 1994). Mesenchymal cells express
vimentin, and muscle cells express desmin (Osborn & Weber, 1982). The myofibroblast
has been described and classified with respect to microfilament and intermediate filament
expression. Thus four main types of myofibroblast were described: ‘V’ cells, ‘VD’ cells,
‘VA’ cells, and “VAD’ cells (Skalli ef al., 1989; Sappino et al., 1990). Granulation tissue
myofibroblasts are “VA’ cells (Darby et al., 1990; Sappino et al., 1990; Gabbiani, 1992).
Subsequently expression of y-smooth muscle actin (G) (Kohnen ef al., 1996) and smooth
muscle myosin (Schmitt-Graff e al., 1994; Kohnen et al., 1996) by myofibroblasts has
been described. Sequential acquisition of a-smooth muscle actin, y-smooth muscle actin
and smooth muscle myosin, with development of increasing ultrastructural features of
myofibroblast differentiation has been described in placental villi and the umbilical cord.
They have therefore been proposed as sequential markers of increasing myofibroblast
differentiation approaching the phenotype of true smooth muscle cells (Kohnen et al.,
1996; Nanaev et al., 1997).
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Almost all myofibroblast populations in vivo express a-sma (Schmitt-Graff et al., 1994;
Desmouliere & Gabbiani, 1996), as described by immunohistochemistry with a specific
monoclonal antibody against a-sma (Skalli et al., 1986). Expression of desmin (as
expressed by cells of the reticular layer of the fetal membranes) occurs in a minority of
myofibroblasts, and is of unknown significance (Sappino et al., 1990). Expression of o-
sma been considered a key marker of myofibroblast differentiation (Sappino et al., 1990;
Schmitt-Graff et al., 1994).

1.5.2.3. Myofibroblast function

One of the first described properties of myofibroblasts is that of contractility (Majno et al.,
1971). Myofibroblasts connect to each other via gap junctions (Gabbiani et al., 1978;
Spanakis et al., 1998), and to the extracellular matrix at the fibronexus which allows
connection of the intracellular actin filaments to the extracellular matrix (Eyden, 1993).
These connections permit contractility. The contractile function of the myofibroblast plays
a role in the contraction of wounds, and produces skin retraction around tumours
(Seemayer et al., 1979). Expression of a-smooth muscle actin is critical for force
generation (Darby et al., 1990), although expression of smooth muscle myosin is not

required (Sappino et al., 1990).

Although originally described in granulation tissue, myofibroblasts have been
demonstrated in other tissues, in association with tissue remodelling or tissue retraction
and tension (Sappino et al., 1990; Schmitt-Graff ef al., 1994): normal tissues, fibrotic

diseases, and neoplasia.

Within normal tissues they play a role in organogenesis and morphogenesis, through
mesenchymal-epithelial interactions. Cells demonstrating myofibroblastic features have
been described in a number of sites, including the intestines, theca externa of the ovary,
reticular cells of lymph nodes and spleen, testicular stroma, hepatic perisinusoidal cells,
lung septa, bone marrow stroma, intestinal pericryptal cells, adrenal gland capsule and
periodontal ligament (Sappino et al., 1990; Schmitt-Graff et al., 1994).

In wound healing myofibroblasts are involved in the formation and repair of the
extracellular matrix through production of degradative enzymes and synthesis of new

matrix components, and in generation of epithelium and vasculature. The disappearance of
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myofibroblasts at the end of the wound response, with formation of the scar, is thought to
be due to apoptosis (Darby et al., 1990; Desmouliere et al., 1995). Myofibroblasts are
found not only in granulation tissue, but also in pathological fibrotic conditions, such as
Dupuytren’s contracture (Berndt et al., 1994), and renal (Muchaneta-Kubara & Nahas,
1997; Roberts et al., 1997), cardiac (Campbell & Katwa, 1997), hepatic (Blazejewski et
al., 1995) and pulmonary (Zhang et al., 1996) fibrosis.

Although myofibroblasts may rarely undergo neoplastic transformation, they are also
found in the desmoplastic stromal response to neoplasia (Taccagni ef al., 1997). They are
commonly found associated with invasive and metastatic carcinomas, with retraction and
fixation to adjacent tissues (Seemayer er al, 1979). They have been described in
association with many tumours, including those of the breast, colon, stomach and lung, as
well as in association with lymph node metastases (Seemayer et al., 1979; Balazs &
Kovacs, 1982). The retraction phenomena associated with these tumours have been
attributed to the contractile properties of the myofibroblast (Seemayer et al., 1979).
Although it was initially considered that the desmoplastic reaction around tumours may
serve to limit tumour spread (Schurch er al., 1981; Seemayer et al., 1982), it has more
recently been suggested that protease secretion by myofibroblasts may act to promote
tumour invasion (Basset et al., 1990; Nielsen et al., 1996).

Myofibroblasts have numerous functions in the wound response, including the production
of growth factors, synthesis of prostaglandins through expression of both COX-1 and
COX-2. They also play a key role in cell-matrix interactions (Clark, 1996; Desmouliere &
Gabbiani, 1996). A key role for myofibroblasts in the latter stages of the wound response is
synthesis of new extracellular matrix. They have been demonstrated to produce the ‘anti-
adhesive’ proteins tenascin-C (Berndt et al., 1994) and osteonectin (Blazejewski et al.,
1997), as well as collagen, laminin and ﬁbroﬁecﬁn (Berndt et al., 1994). Both tenascin-C
and osteonectin play a key role in cell-matrix interactions, and in cell migration and
motility, and thus in tissue remodelling. They have both been demonstrated to induce
expression of metalloproteinases (Tremble et al., 1993; Tremble et al., 1994; Khan &
Falcone, 1997, Shankavaram et al., 1997), and thus may play a direct role in the
degradation of extracellular matrix and structural weakness.
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1.6. Plan of the current investigation

1.6.1. Aim

The aim of this thesis is to test the hypotheses that:

The ZAM detected in the fetal membranes following labour and delivery is present prior to

the onset of labour, and is located in the fetal membranes within the lower uterine pole and

that myofibroblast differentiation, and expression of the key matricellular proteins

tenascin-C and osteonectin, is associated with the structural changes characteristic of the

ZAM in the connective tissue layers of the fetal membranes.

1.6.2. Objectives

To determine whether the structural changes in the fetal membranes described within
the rupture line at term (in the ZAM) are present prior to and during labour at term.

To determine whether the “altered morphology’ in the fetal membranes before, during
and after labour at term, is associated with differences in the phenotype of the cellular
populations of the connective tissue layers, in particular the intermediate filament
phenotype of the mesenchymal cell populations.

To confirm the previous detection of tenascin-C in the connective tissue layers of the
extracellular matrix, to determine whether the related ‘anti-adhesive’ matricellular
protein osteonectin is expressed in the fetal membranes, and to relate the expression of

both proteins to the presence of ‘altered morphology’ in the fetal membranes.
To develop in vitro models to mimic the changes detected within the connective tissue
layers of the fetal membranes analogous to those involved in the wound response and

to examine the control mechanisms involved.

To investigate the ontogeny of the development of fetal membrane altered morphology,

tenascin-C expression, and the mesenchymal cellular phenotype during gestation.
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Chapter 2
Materials and Methods

The materials and methods used in this thesis are described in this chapter. All reagents
were obtained from Sigma (Poole, UK) unless stated otherwise.

2.1. Tissue collection

Fetal membranes were collected from Leicester Royal Infirmary Women’s Hospital,
University Hospitals of Leicester (UHL) NHS Trust, according to guidance from
Leicestershire Health Authority Ethics Committee, and from the British Pregnancy
Advisory Service (BPAS) Blackdown Clinic, Leamington Spa, with approval from the
BPAS Ethics Committee. First trimester decidua and fetal membranes were collected from
Leicester Royal Infirmary, UHL NHS Trust, according to guidance from Leicestershire
Health Authority Ethics Committee.

2.1.1. Term fetal membranes

2.1.1.1. Patient groups

Fetal membranes were collected at term from three groups of women:

Pre-labour. Women undergoing elective Caesarean section at term, for breech presentation
or previous Caesarean section. All women had an uncomplicated antenatal course, and had
intact fetal membranes and no clinical signs of labour at the time of Caesarean section. A

total of 27 fetal membranes were collected from this group.

Labour. Women established in labour (with regular uterine contractions and documented
cervical change), at term, undergoing Caesarean section for fetal distress, failure to
progress in labour, or breech presentation. Eleven fetal membranes were collected from

this group.

Post-labour. Women with spontaneous onset of labour and spontaneous rupture of
membranes, at term. All women had an uncomplicated antenatal course, and a vaginal

delivery. Sixteen fetal membranes were collected from this group.
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2.1.1.2. Sampling technique

In women undergoing Caesarean section, whether pre-labour or in labour, the area of fetal
membranes overlying the internal os of the cervix was identified by the application of a
Babcock tissue forceps following delivery of the baby, but prior to delivery of the placenta

and membranes. Fetal membrane biopsies were then taken from two sites:

‘Cervical’ fetal membranes. Within Scm of the site of the Babcock, avoiding tissue directly
traumatised by the instrument.

Midzone fetal membranes. At least 12cm from the site of the ‘cervical’ membrane biopsy,
on the longest axis from the ‘cervical’ biopsy to the placental edge, and at least 3cm from

the placental edge.

In women who had a vaginal delivery, biopsies were taken from:

Rupture line fetal membranes. The rupture line of the fetal membranes was identified. As
the ZAM has been reported to be commonly found at one end of the rupture line (Malak &
Bell, 1994b), biopsies were taken from 3 sites along the rupture line (both ends, and from
the middle). The biopsy with the most extreme altered morphology was used for
subsequent work. This method should obtain fetal membrane within the ZAM, although

may not obtain fetal membrane with the most extreme altered morphology present.

Midzone fetal membranes. At least 12cm from the rupture line, on the longest axis from

the rupture line to the placental edge, and at least 3cm from the placental edge.

Fetal membrane biopsies were collected in all cases for formalin-fixation (2.2.1.), and in
selected cases snap-frozen to obtain cryostat sections (2.2.2.), snap frozen for protein
extraction (2.4.1.) or homogenised for RNA extraction (2.5.1.).

2.1.1.3 Fetal membrane ‘maps’

Ten fetal membranes obtained prior to delivery at term were subjected to a detailed
mapping technique. The membranes were obtained with the ‘cervical’ area identified with
a Babcock tissue forceps as above. Sequential 3 x 1cm biopsies were taken radiating away

from the site of the Babcock along four axes. Additional biopsies were taken in the lower
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uterine segment. An example of such a map obtained is shown in Figure 2.1. All biopsies
were formalin-fixed (2.2.1.).

2.1.1.4. Dissected fetal membranes

Paired midzone and “cervical’ fetal membranes were obtained from pre-labour Caesarean
section (n=5), and the cellular layers (cytotrophoblast and decidua) removed by scraping
with a glass microscope slide. The remaining tissue (amnion, spongy layer and reticular
layer) was used for RNA extraction and RT-PCR (2.5.), and protein extraction and
Western blotting (2.4.). Midzone fetal membranes were similarly dissected to obtain tissue
for selected organ culture experiments (2.7.). A piece of each tissue was formalin-fixed and
wax-embedded (2.2.1.), and a haematoxylin and eosin stained section (2.2.3.) obtained, to
confirm the removal of the cytotrophoblast layer and decidua (Figure 2.2).

2.1.2. Preterm fetal membranes

Fetal membranes were obtained from prelabour Caesarean sections at 25-36 weeks
gestation, being performed for pre-eclampsia (n=10), intrauterine growth restriction (n=4),
placenta praevia (n=2), complications of maternal diabetes (n=2), Rhesus isoimmunisation
(n=1), and severe maternal back pain (n=1). As many of these Caesarean sections were
technically difficult, placement of a Babcock tissue forceps to identify the fetal membranes
overlying the internal os of the cervix was not possible. A minimum of two random fetal
membrane biopsies were therefore taken, formalin-fixed and wax-embedded (2.2.1.).
Haematoxylin and eosin stained sections were prepared (2.2.3.), and morphology
examined. A single random biopsy exhibiting typical midzone morphology from each fetal

membrane was used for further study.

2.1.3. First and second trimester fetal membranes

First and second trimester fetal membranes from 8-20 weeks gestation were obtained from
surgical termination of pregnancy (n=12). Fetal membranes were identified from the
products of conception obtained. As many random biopsies as possible were taken (1-6)
from the membranes identified, and formalin-fixed (2.2.1.). The nature of the membrane
obtained (amnion, chorion, or amniochorion) was later established by microscopic

assessment of a haematoxylin and eosin stained tissue section (2.2.3.).
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Location ofBabcock forceps

= Placental edge

— — Site of Caesarean section
incision

Figure 2.1. Example of a fetal membrane map. A two dimensional representation of each membrane map
was drawn. Each biopsy is 3 x 1 cm. The location of the Babcock tissue forceps, the Caesarean section
incision, and the placental edge are shown.
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Figure 2.2. Haematoxylin stained sections of whole fetal membrane (a), and of an adjacent biopsy of the
same fetal membrane from which the cytotrophoblast and decidual layers were removed by scraping with a
glass slide (b). Theconnective tissue layers ofthe amnion (AC), the reticular layer (RL) and cytotrophoblast
layer (Cyto) ofthe chorion, and the decidua parietalis (D) are indicated.
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2.1.4. First trimester decidua

Decidua parietalis was collected from surgical termination of pregnancy. Tissue was
formalin-fixed (2.2.1.), wax embedded, and confirmation of tissue identity made by

microscopic assessment of a haematoxylin and eosin stained section (2.2.3.).

2.2. Tissue processing and preparation of sections
2.2.1. Paraffin-embedded tissue sections

Fetal membrane biopsies of approximately 3 x 1cm were rolled, placed in a tissue cassette,
and fixed in 10% formal saline at room temperature for 48 hours. Formalin-fixed tissue
was subjected to automated processing overnight in a Shandon Hypercentre XP
(ThermoShandon, Runcorn, UK), with dehydration through seven serial grades of ethyl
alcohol from 70% to 100%, and washing twice in xylene before transferring to hot wax at
60°C. Paraffin embedding was carried out with the membrane rolls embedded ‘end-on’ to

ensure a cross-section of membrane was obtained on subsequent tissue sectioning.

Tissue sections of 4um were cut on a Leica RM2135 microtome (Leica Microsystems
(UK) Ltd, Milton Keynes, UK) onto silane-coated slides (dipped in 3% 3-aminopropyl-
triethoxy-silane in methanol for 5 seconds, rinsed twice in UPH,O and dried overnight).

Cut sections were dried in an oven overnight at 37°C.

2.2.2. Cryostat tissue sections

Fetal membrane biopsies of approximately 3 x lcm were rolled, and snap-frozen in
isopentane that had been pre-cooled in liquid nitrogen. The snap-frozen tissue was stored

in liquid nitrogen until use.

Tissue sections of 10um were cut on a Shandon cryostat onto slides pre-coated with 3-
aminopropyl-triethoxy-silane, and slides stored in containers at -80°C for up to 5 days

before use.

2.2.3. Haematoxylin and eosin staining

Sections of paraffin-embedded tissues processed in a Jung Autostainer XL (Leica
Microsystems (UK) Ltd) automated machine. They were dried at 65°C, de-waxed and

rehydrated through two changes of xylene and two changes of 99% alcohol, and washed in
34



water. They were then stained in Mayers haematoxylin, washed, and stained in eosin, and
dehydrated through 4 changes of 99% alcohol and two changes of xylene, prior to

mounting.

2.2.4. Diagnosis of histological chorioamnionitis

Haematoxylin and eosin stained sections from all tissue biopsies obtained were examined
carefully under a microscope at 20x magnification in order to exclude chorioamnionitis.
Chorioamnionitis was defined as described by Romero et al (Romero ez a/., 1992), and any
memﬁrane demonstrating polymorphonuclear infiltration (cluster of at least 5 cells) within
the chorion or amnion was excluded from subsequent study. Two fetal membranes
obtained prior to labour, six obtained during labour, and eight obtained following labour

were excluded in this manner.

2.3. Immunohistochemistry

2.3.1. Antibodies

Antibodies were stored in aliquots at -20°C to avoid the use of repeated freeze-thaw cycles.
Thawed aliquots were stored at 4°C and used within 7 days. Primary antibodies used

within this thesis are summarised in Table 2.1.

2.3.2. Single labelling immunohistochemistry technique

Immunohistochemistry was performed using an avidin-biotin complex technique. The
following technique is for formalin-fixed paraffin-embedded tissue, and assumes a mouse
monoclonal primary antibody, with modifications given for use with a rabbit polyclonal
primary antibody:

1. Tissue sections were de-waxed through three steps of xylene, rehydrated through 99%,
99% and 90% IMS and washed in dH,O (3 minutes per step).

2. Pre-treatment with pepsin digestion or microwave pre-treatment was carried out if
required.

3. Endogenous peroxidase was inhibited by incubating in fresh 6% H,O, (Fisher
Scientific, Loughborough, UK) for 10 minutes.

4. Sections were washed in running tap water for 5 minutes.
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Primary R Working

antibody Clon: Antibody tre::gen ¢ cong. Incubation Source
against v (ug/ml)

Mouse 1 hour
o-sma 1A4 monoclonal None 1.90 370C ’ Dako Ltd.
IgG2a kappa
Mouse . .
CD68 | PG-MI | monoclonal | <P | 360 | OVOMEN | poorig
IgG3 kappa &
Cytokeratin Mouse .
(5,6,8,17 | MNF116 | monoclonal df ee‘;il‘.‘;n 0.93 131;2‘(‘:" Dako Ltd.
& 19) IgGl kappa | ©'8
( Mouse 1 hour
Desmin D33 monoclonal None 4.50 370 C’ Dako Ltd.
IgG1 kappa
Mouse * .
Y-sma B4 monoclonal | Microwave | 1:2000 vaglégh L ICN
IgG1 kappa dilution
Mouse 1 hour Biodesign
Osteonectin N50 monoclonal None 7.50 37°C, in %;ﬁ:;f;ﬁl
IgGl1 2mM CaCl, USA
Rabbit - .
. . Dilution Overnight, -
Osteonectin | BON-I polyclonal Microwave of 1:4000 4°C
antiserum
Smooth - Mouse .
muscle SMMS-1 | monoclonal | Microwave 4.26 Ovemight, Dako Ltd.
: , 4°C
myosin IgG1 kappa
Tenascin,
. Mouse .

EGF-like Pepsin 1 hour, .
repeat BC24 moxllo(c}l;mal digestion 1.87 37°C Sigma
region g

* Gibco
. Mouse Pepsin ) 1 hour, BRL,
Tenascin ™2 monoclonal | digestion ;i.lZOp 0 37°C Paisley,
ution
UK

T . T2HS Moulse al N 11.30 1 hour, Biogenesis,
enascin monoclon one . 370C Poole, UK

1gG1

Tenascin, Mouse . .

fibronectin olllB monoclonal None 4.0 r((z;];xn:leilh It; gl;enttlsni(j)ln(,

repeat B IeG1 kappa _ ) ?
. Pepsin Dilution 1 hour, .
Tenascin Polyclonal digestion of 370C Gibco BRL
Mouse .
Vimenfin | V9 | monoclonal | None 387 | Overmight | qiona
IgG1 4°C

Table 2.1. Primary antibodies used for immunohistochemistry in this thesis.

* Immunoglobulin concentration not available from supplier.
** Gift from Dr L. W. Fisher (Fisher et al., 1995).
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10.

11.

12.

13.

Sections were then incubated in TBS-BSA buffer (58mM Tris, 145mM NaCl, 4mM
MgCl,, 0.01% BSA, pH 7.6) for 5 minutes.

Tissue sections were then covered in 100ul of 10% Normal Rabbit Serum (Dako Ltd,
Ely, UK) (NRS, diluted in TBS-BSA). (If the primary antibody was a rabbit
polyclonal antiserum, then Normal Swine Serum (Dako Ltd) was used instead).

Excess NRS was removed, and sections were covered in 100ul primary antibody at
required dilution (diluted in TBS), and incubated for the optimal time (Table 2.1).
Slides were then washed in TBS-BSA for 20 minutes

Sections were incubated in biotinylated rabbit anti-mouse Ig secondary antibody (Dako
Ltd; diluted to 2.5ug/ml in TBS-BSA) for 20 minutes at room temperature. (For a
rabbit polyclonal primary antibody, biotinylated swine anti-rabbit Ig secondary
antibody (Dako Ltd) at 1.4ug/ml was used).

Slides were washed for 20 minutes in TBS-BSA.

They were then incubated in Vectastain ABC Elite (Vector Laboratories, Peterborough,
UK) for 30 minutes at room temperature. The ABC solution was prepared at least 30
minutes before use, to allow the formation of the avidin-biotin compléxes.

Sections were washed twice in PBS (137mM NaCl, 8mM Na,HPO,, 1.5mM KH,PO,,
pH 7.6) for 15 minutes each.

Sections were incubated with diaminobenzidine substrate (Vector Laboratories) for 5
minutes, and washed in running tap water for 5 minutes.

Counterstaining was carried out with Mayers haematoxylin (Sigma, Poole, UK) for 30

seconds, followed by washing in tap water.

14. Sections were rehydrated through graded IMS, cleared in xylene, and mounted using

XAM mountant (BDH, Poole, UK).

A small number of experiments were carried out using ABC-Alkaline Phosphatase (Step
10), and developed using BCIP/NBT (Sigma) liquid substrate (Step 12).

2.3.3. Controls

Negative controls included omission of primary antibody (slides incubated with TBS-BSA

only), and replacement of primary antibody with equivalent concentration of mouse

immunoglobulin (for mouse monoclonal primary antibodies) or rabbit serum (for rabbit

polyclonal primary antibodies). Positive control tissues were determined for each

individual antibody, and included in each experiment.
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2.3.4. Modifications of the immunohistochemistry technique

2.3.4.1. Pepsin digestion

Enzyme pre-treatment may unmask antigens (Polak & Van Noorden, 1997). Pepsin
digestion was carried out using 0.4% pepsin (Sigma) in 0.1M HCI for 30 minutes at 37°C.

Sections were then washed in running tap water for 5 minutes.

2.3.4.2. Microwave pre-treatment

Microwave pre-treatment of tissue sections has been demonstrated to unmask epitopes, or
enhance staining (Polak & Van Noorden, 1997). Sections were immersed in 10mM citric
acid buffer, pH 6, and microwaved at 700W for 30 minutes, ensuring the buffer level
covered the tissue sections at all times. Slides were left immersed in buffer, until it had

cooled to room temperature, before continuing with the immunohistochemistry protocol.

2.3.4.3. Cryostat tissue sections

Immunohistochemistry was carried out on 10um cryostat tissue sections for selected

antibodies, using the following technique:

1. Cryostat tissue sections were thawed and air-dried for 30 minutes at room temperature.

2. Sections were fixed in ice cold acetone (or in 10% formal saline) for 15 minutes, air
dried, and rinsed in tap water for 5 minutes.

3. Sections were incubated in 3% H,0, for 10 minutes, and rinsed in tap water for 5
minutes.

4. Sections were then incubated in TBS-BSA for 5 minutes.

5. Steps 6-14 of the protocol for formalin-fixed wax-embedded tissue (2.3.2.) were then

carried out.

2.3.4.4. Osteonectin monoclonal antibody N50

The buffer used in steps 5-7 of the basic immunohistochemistry technique (2.3.2.) was
20mM Hepes, 150mM NaCl, 2mM CaCl2, pH 7.4 as recommended by the supplier of the
osteonectin monoclonal antibody clone N50 (Biodesign International, Kennebunk, USA).
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2.3.5. Standardisation of technique for quantification

The titre of each antibody used was optimised in order to confirm that the maximum
number of immunoreactive cells was being detected without incurring non-specific
background staining. All slides under direct comparison were included in a single
experiment. The use of positive control slides assured standardisation of results, to permit
comparison between different experiments.

2.4. Western blotting
2.4.1. Tissue homogenisation

Fetal membrane samples of approximately 3 x 3cm were snap frozen in liquid nitrogen,
and stored at -80°C for later use. Samples were subsequently thawed on ice, weighed, and
rinsed in PBS. A 50% (w/v) homogenate was prepared in a Heidolph RZR50 glass-glass
homogeniser (Heidolph Instruments, Schwabach, Germany). The tissue was homogenised
until smooth, in burst of 2-3 seconds at a time to prevent heating. All reagents were kept
ice cold, and the homogenate was cooled on ice intermittently during homogenisation. For
preparations for immunoblotting for tenascin-C homogenisation was carried out in an
alkaline buffer of 0.2M 3-[cyclohexylamino]-1-propane-sulfonic acid (CAPS) pH 11.5,
150mM NaCl, ImM EDTA and 1mM PMSF (McCachren & Lightner, 1992). All other
preparations were carried out in SOmM Tris HC1 pH 7.2, 150mM NaCl, 0.5% Igepal
CA630, 100IU/ml aprotinin and 5ug/ml PMSF. The homogenates were centrifuged at
100,000g at 4°C in a Centrikon T-2070 ultracentrifuge (Kontron Instruments, Zurich,
Switzerland). The supernatant was stored at -80°C until used.

2.4.2. Bradford assay

The protein concentrations in the tissue extracts (2.4.1.) were determined by Bradford
assay. Dye reagent (Bio-Rad, Hemel Hempstead, UK) was diluted 1:4 with dH,O for use.
Tissue extracts were then diluted 1:20 in the prepared dye reagent, and optical density read
at 595nm within 30 minutes. A standard curve was constructed using known
concentrations (0 — 0.6mg/ml) of human serum albumin solution, and protein concentration
of the tissue extracts read from the standard curve. The total protein yield per gram wet

weight of tissue was also calculated.
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2.4.3. SDS-PAGE

Electrophoresis conditions were optimised according to the molecular weight of the protein

of interest, and was performed using Bio-Rad mini-gel equipment as follows:

1. The electrophoresis plates and spacers were cleaned with alcohol and assembled.

2. 6% (for tenascin-C blotting) or 10% (for osteonectin and a-sma) resolving gel was

prepared by mixing, in order:

dH,0 5.3ml 4ml
30% acrylamide mix* 2ml 3.3ml
2M Tris pH 8.8 2.5ml 2.5ml
10% SDS 100ul 100ul
10% AMPS 100ul 100pl
TEMED 8ul 8ul

* (30:0.8 w/v acrylamide:bisacrylamide (Protogel), (National Diagnostics, Hull,
UK))

3. Reagents were mixed, poured between the gel plates, and overlaid with dH,0.

Stacking gel was prepared:

dH,0 6.8ml
30% acrylamide mix 1.7ml
IM Tris pH 6.8 1.25ml
10% SDS 100l
10% AMPS 100ul
TEMED 10ul

4. The dH,0 was poured off the polymerised resolving gel, an appropriate comb
cleaned in alcohol and inserted between the plates, and stacking gel poured over the
resolving gel.

5. Tissue extracts were mixed 1:1 with sample buffer containing 100mM Tris HC1 pH
6.8, 0.2% bromophenol blue, 20% glycerol, 4% SDS and 10% B-mercaptoethanol,
and denatured by boiling for 3 minutes prior to SDS-PAGE.
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6. After polymerisation of the stacking gel, the comb was removed, the wells rinsed
with dH,0, and the gel mounted in the electrophoresis apparatus.

7. Samples were loaded, and running buffer (25mM Tris, 250mM glycine (Fisher
Scientific), 0.1% SDS buffer) poured into inner and outer reservoirs of tank.

8. Gels were run at 120V for 1 hour (10% gels to identify ~40kDa proteins) to 2 hours
(6% gels to identify ~200kDa proteins). Biotinylated molecular weight markers

(Sigma) were run in one lane.

2.4.4. Western blotting

Blotting conditions were optimised according to the molecular weight of the protein of
interest. Western blotting was performed using a Biorad 3000Xi system as follows:

1. A piece of Hybond-C nitrocellulose (Amersham Pharmacia Biotech, Little Chalfont,
UK) was trimmed to the size of the gel, and soaked in deionised water, followed by
transfer buffer (25mM Tris, 192mM glycine, 0.02% SDS and 5% methanol at 100V).
Two pieces of 3MM paper (Whatman, Maidstone, UK) were trimmed to size.

2. The blot was assembled on the transfer frame: Scotch pad, 3MM paper, gel,
nitrocellulose, 3MM paper, Scotch pad. Care was taken not to trap any bubbles.

3. The frame was assembled in the tank, and filled with transfer buffer.

4. Transfer was performed at 100V for 1 hour for 10% gels for osteonectin and a-sma,
and at 80V for 2 hour and 15 minutes for 6% gels for tenascin-C. The tank was kept
cool on ice, and the buffer within the tank stirred, throughout transfer.

5. After transfer the nitrocellulose blot was removed, carefully orientated at all times, and
rinsed in dH,0.

2.4.5. Immunodetection

1. The resultant blot was blocked in 5% powdered milk solution in TBS-Tween (50mM
Tris, 150mM NaCl, 0.1% Tween 20 (Sigma)) for 30 minutes, and washed for 30
minutes in 3 changes of TBS-Tween.

2. The blot was incubated in primary antibody (Table 2.2) in 5% powdered milk in TBS-
Tween overnight at 4°C, and washed for 30 minutes in 3 changes of TBS-Tween.

3. It was then incubated with secondary antibody (Table 2.2) in TBS-Tween for 1 hour at

room temperature, washed for 30 minutes in 3 changes of TBS-Tween.
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Primary . .
Clone | Concentration Concentration
antibody Secondary antibody
against name used (pg/ml) used (pg/ml)
Peroxidase conjugated sheep *
a-sma 1a4 0.04 anti-mouse IgG (Amersham) | 1:5000 dilution
. Biotinylated rabbit anti mouse
Tenascin-C T2HS 226 1eG (Dako Ltd) 0.1
. ' Peroxidase conjugated sheep *
Osteonoctin N50 >4 anti-mouse IgG (Amersham) 1:5000 dilution
Osteonectin . . ,
Peroxidase conjugated donkey
;;:)llgclonal BON-T | 1.4000 dilution | anti-rabbit IgG (Amersham) 0.5

* Antibody concentration unavailable

Table 2.2. Antibodies used for Western blotting in this thesis. Suppliers for primary
antibodies as in Table 2.1.
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4. For tenascin-C immunodetection only, the blot was then incubated in pre-complexed
HRP conjugated avidin-biotin (ABC-Elite, Vector Laboratories) for 30 minutes at
room temperature and washed for 30 minutes in 3 changes of TBS-Tween.

5. Detection was carried out with enhanced luminescence (ECL, Amersham Pharmacia
Biotech). ECL reagents were brought to room temperature, mixed 1:1, pipetted over
the surface of the blot for 1 minute, and drained off.

6. Blots were sealed in a plastic bag, taped into an x-ray cassette, and exposed to x-ray
film (Kodak Biomax ML) for 15-120 seconds to obtain appropriate signal strength. X-
ray films were processed in an Agfa Curix 60 (Agfa Gevaert Ltd, Brentford, UK),

automatic processor.

Control blots were carried out by replacing primary antibody with an equal concentration

of mouse IgG, and by omission of primary antibody.

2.4.6. Standardisation of technique for quantification

Titration of selected samples was performed, and the relative densities of bands plotted
(2.8.2.). This confirmed that the results obtained were within the linear part of the resulting
sigmoid curve, to ensure that quantification of bands was valid i.e. that bands were not
saturated, and that the blotting technique was sufficiently sensitive. Where possible all
samples to be directly compared were run on the same gel. Where this was not possible,

the inclusion of a single sample on each gel acted as a control for standardisation of results.

2.4.7. Analysis of blots

The molecular weight of the bands obtained by Western blotting were calculated by
reference to the molecular weight markers, and construction of a curve plotting the

distance migrated against the logarithm of the molecular weight.

2.5. Reverse Transcriptase - Polymerase Chain Reaction
2.5.1. Tissue homogenisation

Tissue to be processed for RNA extraction (approximately 100mg wet weight) was
weighed and transferred to Tri-Reagent (Sigma) on ice (maximum 10% w/v) as soon as
possible after collection. This was then homogenised using an Ultraturrax T25
homogeniser (Janke and Kunkel, Staufen, Germany), in short bursts of a few seconds,
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keeping the homogenate on ice throughout. The homogenate was stored at -80°C for up to
1 month before RNA extraction. All processing was carried out within 1 hour of collection

of tissue.

2.5.2. RNA extraction -

RNA extraction was carried out as per the Tri-Reagent RNA extraction protocol as

follows:

1. The frozen homogenate was thawed on ice, and centrifuged in a Sanyo/MSE
MicroCentaur microfuge at 13,000 rpm at 4°C for 10 minutes to precipitate insoluble
material, and left to stand at room temperature for 5 minutes.

2. The supernatant was transferred to new tube, chloroform added (0.2ml per 1ml Tri-
Reagent used), and shaken vigorously. This was left to stand for 10 minutes at room
temperature, and centrifuged at 13,000rpm at 4°C for 15 minutes.

3. The upper, aqueous, phase containing the RNA was transferred to new tube,
isopropanol added (0.5ml per 1ml Tri-Reagent used), shaken, and left to stand for 10
minutes at room temperature. This was then centrifuged at 13,000rpm at 4°C for 10
minutes.

4. The supernatant was removed, and the RNA pellet was washed in 75% ethanol in
DEPC water, air dried, and dissolved in 100ul DEPC water at 4°C overnight.

RNA quality was examined by separation in an agarose gel. 1% agarose (Roche Molecular
Biochemicals, Lewes, UK) was prepared in TAE/DEPC (40mM Tris-acetate, ImM EDTA
pH 8.3, prepared with DEPC water) containing 5ul/100ml ethidium bromide (Sigma). 5ul
RNA was mixed with 2ul 10X loading buffer (220mM Tris-acetate, 55mM EDTA, 65%
glycerol, 0.1% bromophenol blue) and 13ul DEPC water, and denatured at 65°C for 5
minutes prior to loading into gel. Gels were run in TAE/DEPC containing 5ul/100ml
ethidium bromide at 85V for 1 hour. Gels were examined on an ultraviolet
transilluminator, and image captured using a as a TIF file using a gel documentation
system (UltraViolet Products Ltd, Cambridge, UK). Good quality RNA preparations
demonstrated 28S and 18S bands, with no evidence of degradation (Figure 2.3).

Optical density of a 1:20 dilution of RNA in DEPC water was measured at 260nm and
280nm using a Unicam 5625 spectrophotometer (ATI Unicam, Cambridge, UK). RNA

44



IB..

Figure 2.3. An example of an RNA gel, demonstrating good quality RNA preparations with 28S and 18S
bands and minimal degradation.
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concentration was calculated from the optical density at 260nm. The RNA quality was
assessed by calculated the ratio of OD260/OD2s8o- Ratio of 1.8 was considered optimal. RT-
PCR using primers to GAPDH was also performed on all samples, with and without

reverse transcriptase to confirm that no DNA contamination was present.

2.5.3. Primer design

Primers for polymerase chain reaction were designed to osteonectin and a-smooth muscle
actin. Gene sequences were obtained from the European Molecular Biology Laboratory
(EMBL) database, accessed via the Sequence Retrieval Service of the European
Bioinformatics Institute (http:/srs.ebi.ac.ukl. and checked against the published literature.
The gene sequences for a-sma (Kamada & Kakunaga, 1989; Reddy et al., 1990) (EMBL
Accession Number X13839) and osteonectin (Lankat-Buttgereit et al, 1988) (EMBL
Accession Number Y00755) were identified. The gene sequences were entered into the
Primer3 primer design program (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3-
www.cgi) and 18-20 base pair primers designed to amplify a 200-300 base pair sequence.
The Fasta3 program was accessed via the FEuropean Bioinformatics Institute
(http://www.ebi.ac.uk/fasta33/index.htmlL and the primer sequences entered, to search for
homologous sequences. This ensured that the primers designed did not share significant
homology with genes other than that of interest. For a-sma care was taken to avoid areas
of'the gene sharing homology with other members of the actin family (Miwa et al., 1988).
It was possible to design only one primer within a unique sequence of the gene. Flowever
the use of one unique primer together with one primer with homology to other genes
allowed specific amplification of a-sma. Primers to specific exons of the tenascin-C gene
were synthesised, using published sequences (Bell ef al., 1999). This allowed amplification
of specific isoforms of tenascin-C. All primers were synthesised by Sigma-Genosys

(Cambridgeshire, UK), and sequences are shown in Table 2.3.
Optimal conditions for PCR with each primer pair was determined by carrying out RT-

PCR on a positive control RNA sample (RNA extracted from SK-MEL 28 cells) at a range

of annealing temperatures either side ofthat recommended.
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Gene/exon Primer | Sequence
B-actin forward ACT-F éé((}}(_}ﬁGACAAGCTTGCTCATCACCATTGGCAATGA—
B-actin reverse 'ACT-R é (-}(_S;EGAATTCGAGCTCTAGAAGCATTTGCGGTGGA-
GAPD forward GAPD-F 5’-AGAACATCATCCCTGCCTC-3’
GAPD reverse GAPD-R | 5>-GCCAAATTCGTTGTCATACC-3’
a-sma forward SMA-F 5-CATCAGGAAGGACCTCTATGC-3’
o-Sma reverse SMA-R 5’-CAGAGAGGAGCAGGAAAGTG-3’
Osteonectin forward ON-F 5’-GCTCCACCTGGACTACATCG-3’
QOsteonectin reverse ON-R 5’-GGAGAGGTACCCGTCAATGG-3’
Tn-C EGF rpts forward T-EGF-F 5-TCCTGCTGACTGTCACAATC-3’
Tn-C EGF rpts reverse T-EGF-R | 5-TGCTCACATACACATTTGCC-3’
Tn-C exon 8 forward T8F 5’-CAATCCAGCGACCATCAACG-3’
Tn-C exon 9 forward T9F 5’-AGAAAGGCAGACACAAGAGC-3’
Tn-C exon 9 reverse T11R 5’-ACGACCTCTCCCAAATTGGG-3’
Tn-C exon 14 forward T14F 5’-TCTGGTGCTGAACGAACTGC-3’
Tn-C exon 14 reverse T14R 5’-GTTCGTTCAGCACCAGAGAT-3’
Tn-C exon 18 reverse T18R 5’-CGTCCACAGTTACCATGGAG-3’
Tn-C exon 25 forward T25F 5’-TGAACAAAATCACAGCCCAG-3’
Tn-C exon 27 reverse T27R 5’-CAGTGGAACCAGTTAACGCC-3’

Table 2.3. Primers used in this thesis.
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2.5.4. Reverse transcriptase reaction

c¢DNA was prepared from 0.5mg RNA as follows:

1. The RNA was heated to 70°C with 15pmol oligo d(T) 12-18 (Amersham Pharmacia
Biotech) in a total volume of 10p1 for 5 minutes and cooled.

2. Reactions were then prepared in RT buffer (S0mM Tris-HC1 pHS8.3, 50mM KCl,
10mM MgCl,, 10mM dithiothreitol, 0.5mM spermidine (Promega, Southampton,
UK)), with ImM dNTPs (Roche Molecular Biochemicals), 25IU RNasin™
ribonuclease inhibitor (Promega), and 5IU AMYV reverse transcriptase (Promega) in a
total volume of 25ul.

3. The reaction was incubated at 42°C for 1 hour. Control reactions were prepared in the
absence of AMV reverse transcriptase.

4. The cDNA was stored at 4°C until use.

2.5.5. Polymerase chain reaction

Polymerase chain reaction was carried out in a Techne Genius™ thermal cycler (Techne,
Cambridge, UK) as follows:

1. Reactions were performed with 1ul of prepared cDNA (2.5.4.) in 45mM Tris-HCI
pHS8.8, 11mM (NH4),SO4, 4.5mM MgCl,, 800uM dNTPs, 110ug/ml bovine serum
albumin, 6.7mM B-mercaptoethanol, 4.4puM EDTA pH8.0 and 10pmol of forward and
reverse primers in a reaction volume of 50ul.

2. The cDNA was denatured at 98°C for 5 minutes, and held at the annealing temperature
during the addition of 1IU 7aq polymerase (Promega), and heated to 72°C for 1
minute.

3. The following cycle profile was used: 98°C for 1 minute, annealing temperature for 45
seconds, 72°C for 1 minute. The temperature was held at 72°C for 10 minutes at the
end of the amplification. The optimal annealing temperatures and cycle numbers used

for each primer pair are given in Table 2.4.

2.5.6. Agarose gel electrophoresis

PCR products (18ul) were mixed with 2ul loading buffer (as in 2.5.2.) and denatured at
65°C for 5 minutes. They were loaded onto a 3% agarose (Roche Molecular Biochemicals)
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. . Annealing
Primer pair temperature (°C) Cycle number
ACT-F/ACT-R 58 *
GAPD-F/GAPD-R 60 32
SMA-F/SMA/R 60 35
ON-F/ON-R 62 34, *
T8F/T14R 58 40
T8F/T18R 58 40
T9F/T11R 58 *
T14F/T18R 58 40, *
TEGF-F/T-EGF-R 58 *
T25F/T27R 58 *

* 25 cycles used for production of template for probe for in situ hybridisation.

Table 2.4. Optimal annealing temperature and cycle number for primer pairs used for PCR
in this thesis.
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gel prepared in TAE buffer containing 15ug/100ml ethidium bromide, with 100 base pair
ladder (Life Technologies, Paisley, UK) in one lane as a size marker, and run at 100V for 2
hours. Gels were visualised on an ultraviolet transilluminator, and images captured as TIF

files using a gel documentation system.

2.5.7. DNase treatment of RNA

RNA prepared from dissected connective tissue layers of fetal membranes (2.1.1.4.), and
subjected to RT-PCR, consistently demonstrated bands in the negative control reactions
prepared in the absence of reverse transcriptase. This did not occur in any other tissue
preparations, and was attributed to the presence of contaminating DNA, and presumed to
be secondary to the technique of scraping the fetal membranes firmly with a glass slide to
remove the cellular layers of tissue. The RNA preparations obtained from these tissues

were treated with RNase-free DNase as follows:

1. Reactions were prepared containing 2ug RNA, 1ul RQ1 DNase 10X reaction buffer
(400mM Tris-HCl pH8.0, 100mM MgSO,, 10mM CaCl,) (Promega), 2 units RQ1
RNase-free DNase (Promega), 251U RNasin™ ribonuclease inhibitor (Promega) and
DEPC water to a total volume of 10ul.

2. The reaction was incubated at 37°C for 30 minutes, and 1ul RQ1 DNase Stop solution
(20mM EGTA pH 8.0) (Promega) added.

3. The reaction was then incubated at 65°C for 10 minutes.

Control reactions were prepared in the absence of RNase-free DNase. Sul of the reaction
(containing 1ug RNA) was then used immediately in a reverse transcriptase reaction
(2.5.4.), with control reactions in the absence of reverse transcriptase. PCR for GAPDH
was performed, and the products run on an agarose gel and visualised. The absence of a
band in the —RT control lane that had been subjected to DNase treatment confirmed the

success of the reaction (Figure 2.4).

2.5.8. Standardisation of technique for quantification

Selected RNA samples were subject to PCR at a range of cycle numbers for each pair of
primers used for quantitative techniques. The resultant band densities (2.8.2.) were plotted
against cycle number, and the cycle number was selected to be within the linear part of the
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Figure 2.4. GAPDH RT-PCR performed on RNA obtained from dissected fetal membranes (from which the
cytotrophoblast and decidual layers were removed). Control reactions in the absence of reverse
transcriptase, and in the absence of DNase treatment (Lanes 1 and 5), reveal the presence of bands,
suggestive of DNA contamination. However, following treatment with DNase, no band is present (Lanes 2
and 6).
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curve. All samples being directly compared were analysed in a single experiment, and run

on a single agarose gel.

2.6. In situ hybridisation

Probes to detect osteonectin and tenascin-C mRNA in situ were synthesised by RT-PCR
amplification of a selected region of the gene under investigation, employing mRNA
extracted from SK-MEL-28 cells. This cell line derived from a melanoma produces large
isoform tenascin-C (Carnemolla et al., 1992), and was demonstrated by PCR to produce
osteonectin. The template produced was then used in an ‘asymmetric’ PCR reaction
incorporating digoxigenin to produce a single stranded antisense DNA probe. The resultant
probe was used to detect mRNA in situ in formalin-fixed paraffin-embedded tissue

sections.

2.6.1. Cell culture

Human melanoma cell line SK-MEL-28 was obtained from the American Type Culture
Collection (Rockville, MD, USA). Cells were grown in a-minimal essential medium
containing 10% v/v fetal calf serum (Life Technologies) to 90% confluence. Media was
aspirated, cells washed in sterile PBS (Life Technologies) and were harvested by
incubation with 0.25% trypsin-EDTA (Life Technologies) at 37°C for approximately 5
minutes (monitored intermittently under an inverted microscope). Culture media
containing 10% FBS (Life Technologies) was added to the flask to stop the trypsin
digestion, and the media/cells aspirated from the flask and centrifuged at 200g for 10

minutes.

2.6.2. mRNA extraction from cells

mRNA was harvested from SK-MEL-28 cells as follows:

1. The harvested cells from one 25cm? flask were lysed in 1ml of 100mM Tris-HC1 pH
8.0, 500mM LiCl, 10mM EDTA pH 8.0, 1% SDS and 5SmM dithiothreitol, with
repeated pipetting to shear the DNA.

2. 40ul Oligo d(T),s Dynabeads ™ (Dynal, Merseyside, UK), was added, and incubated at

room temperature for 10 minutes.
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3. This was pelleted in a microfuge, and washed in 200l washing buffer (10mM Tris-
HCI pH 8.0, 0.15M LiCl, ImM EDTA) with 0.1% SDS, and then three times in
washing buffer without SDS.

4. The resulting pellet was resuspended in 20ul DEPC water.

SK-MEL-28 cDNA was prepared using 10ul SK-MEL-28 mRNA as in steps 2-3 of 2.5.4.
The cDNA was stored at 4°C until use.

2.6.3. PCR production of template

A DNA template for later production of probe was synthesised by PCR amplification of
1ul SK-MEL-28 c¢cDNA using primer pairs to the specific gene or isoform of interest.
Amplification was carried out as in 2.5.5., using biotinylated forward primer and non-
biotinylated reverse primer, at optimal annealing temperature (Table 2.4), for 25 cycles.

PCR product was run on an agarose gel as in 2.5.6. to confirm satisfactory amplification.

2.6.4. Labelling of in situ hybridisation probes

2.6.4.1. Asymmetric PCR

One ul of PCR product (2.6.3.) was used as a template for production of a probe for in situ
hybridisation. Reactions were performed in 45SmM Tris-HCI pH 8.8, 11mM (NH,4),SOq,
4.5mM MgCl,, 200uM dATP, 200uM dCTP, 200uM dGTP, 130uM dTTP, 110pg/ml
bovine serum albumin, 6.7mM f-mercaptoethanol, 4.4uM EDTA pH 8.0 with 100pmol
reverse primer and 70uM digoxigenin-11-dUTP (Roche Molecular Biochemicals). One IU
Taq polymerase was added after an initial denaturation to 98°C, and amplification carried
out for 20 cycles at optimal annealing temperature (Table 2.4.). Any double-stranded
contaminant would be labelled with biotin, due to the initial production of template using
biotinylated forward primer. This was removed by incubation with Streptavidin-
Dynabeads™ (Dynal) to give a single-stranded digoxigenin labelled probes. Beads were
pelleted in a Magnetic Particle Concentrator® (Dynal), and supernatant removed. The
beads were prepared by resuspending in Bind and Wash buffer (10mM Tris HCI pH 7.5,
ImM EDTA, 2M NaCl), pelleted and supernatant removed. This process was repeated
twice, before resuspending the Dynabeads in Bind and Wash buffer. 45ul asymmetric PCR
product was incubated with 2ul prepared Dynabeads and incubated at room temperature
for 15 minutes. The beads were pelleted on a Magnetic Particle Concentrator® (Dynal),
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and the supernatant containing the probe removed. The labelled probe was aliquoted and
stored at -20°C until use. Antisense probes were synthesised in this manner to B-actin
(positive control), osteonectin, all isoforms of tenascin-C (primers T25F/T27R and TEGF-
F/TEGF-R) and large isoforms of tenascin-C (primer pairs T9F/T11R and T14F/T18R).
Primer sequences are in Table 2.3. Sense probes were also synthesised, for use as negative

controls.

2.6.4.2. Testing of in situ hybridisation probes

Digoxigenin labelling of probes was assessed by production of a test strip:

1. Starting probe concentration was assumed to be 20ng/ml (J. H. Pringle, personal
communication). Serial dilutions of probe from 100pg/ml down to 0.01pg/ml were
made in 900mM NaCl, 90mM trisodium citrate dihydrate, 0.2mg/ml prepared salmon
sperm DNA (an initial 10mg/ml solution of salmon sperm DNA was sonicated for 30x
30-second bursts, denatured at 100°C for 10 minutes, and aliquots frozen at -20°C for
subsequent dilution and use).

2. 1ul of each probe dilution was spotted onto a sheet of nitrocellulose (unbranded), air
dried and baked at 80°C for 2 hours.

3. The nitrocellulose was blocked in TBS-BT (TBS containing 3% BSA with 0.1%
Triton-X) for 20 minutes, baked at 80°C for 20 minutes and left overnight.

4. It was then rehydrated in TBS-BT for 10 minutes at room temperature.

5. It was incubated in alkaline phosphate conjugated anti-digoxigenin Fab fragments
1.25U/ml (Roche Molecular Biochemicals) for 30 minutes, washed twice for 5 minutes
each in TBS, and rinsed in UPH,O.

6. It was incubated in 100mM Tris pH 9.5, 100mM MgCl,, 0.5M NaCl for 5 minutes, and
developed in BCIP/NBT (Sigma) for 2 hours in the dark.

Adequate labelling was considered to have occurred if probe was detected at 1pg/ml
(Figure 2.5).

2.6.5. In situ hybridisation

In situ hybridisation was carried out on formalin-fixed, wax-embedded tissue sections,
using methodology modified from Pringle (Pringle, 1995). All glass slides used were silane
coated (dipped in 1.7% 3-aminopropyltriethoxy-silane in acetone for 5 seconds, rinsed in
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Figure 2.5. Example of a test strip, demonstrating labelling of probes for in sifu hybridisation Probe 1 is

detected at Spg, and probe 2 at Ipg.
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acetone and twice in UPH,O and dried overnight) and all coverslips siliconised (dipped in
2% dimethyldichlorosilane (BDH) in chloroform for 5 seconds, rinsed twice in UPH,O and
dried overnight). All solutions used up to and including the hybridisation step were
prej)ared using DEPC H;O.

1.

Tissue sections were de-waxed through three steps of xylene, rehydrated through 99%,
99% and 90% IMS and washed in DEPC H,O (3 minutes per step).

Pre-treatment with proteinase K (Roche Molecular Biochemicals) (2-10ug/ml in 50mM
Tris HCI pH 7.6) was carried out for 1 hour at 37°C.

3. The slides were then washed for 10 minutes in three changes of DEPC H,O.

Slides were incubated in prehybridisation buffer (0.6M NaCl, 1 x PE (50mM Tris HCI
pH 7.5, SmM EDTA, 2.2mM tetrasodium pyrophosphate, 0.2% polyvinyl pyrrolidone,
0.2% Ficoll), 10% dextran sulphate, 50% ultrapure formamide (Life Technologies),
and 150pug/ml pre-treated salmon sperm DNA (2.6.4.2. step 1) (boiled for 5 minutes)),
for 1 hour at 37°C.

Prehybridisation solution was drained from the slides, and labelled probe diluted in
prehybridisation solution (25ul) was applied and covered with a siliconised coverslip.
Slides were incubated overnight at 37°C.

The coverslips were removed, and the slides washed in 50% formamide (BDH) and 2x
SSC (0.3M NaCl, 30mM trisodium citrate dihydrate) twice, each for 10 minutes. They
were then incubated in TBS-BT for 5 minutes at room temperature.

Slides were incubated in 1.25U/ml alkaline phosphate conjugated anti-digoxigenin Fab
fragments (Roche Molecular Biochemicals) for 30 minutes at room temperature, and
washed twice in TBS pH 7.6 for 5 minutes each. Slides were rinsed in dH,O.

Detection was carried out by incubation with BCIP/NBT (Sigma) in the dark for 6
hours.

Slides were washed in running tap water for 5 minutes, and mounted with Aquamount
(BDH).

The technique required optimisation for each tissue block used, and for each probe used.

Optimal proteinase K concentration required was determined for each tissue block used, by

control in situ hybridisation experiments with -actin probe. Concentrations of 2-10pg/ml

were used. Probe concentration was also optimised. Initial dilution of 1:40 v/v was made.

Optimal probe concentration for use was determined by in situ hybridisation and titration
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of probe on a positive control tissue (umbilical cord) to obtain good signal strength without
non-specific background staining. Negative controls included hybridisation with a sense
probe, and pre-treatment of the tissue section with RNase (0.1mg/ml RNase (pancreatic
RNase, Sigma) in 50mM Tris pH 7.5, 50mM MgCl, was added to the slide following step
3, incubated at 37°C for 1 hour, and washed in UPH,O before proceeding to step 4).

2.7. Organ culture
2.7.1. Fetal membrane biopsy technique

Fetal membranes for culture were obtained from the midzone of the fetal membranes from
elective Caesarean section prior to the onset of labour at term, performed for breech
presentation or for previous Caesarean section. Cultures were performed on whole fetal
membranes, ‘scraped’ fetal membranes, and ‘superscraped’ fetal membranes. ‘Scraped’
fetal membranes were scraped with a glass microscope slide to remove the majority of the
decidua. ‘Superscraped' fetal membranes were prepared as in 2.1.1.4. in order to remove
decidua and cytotrophoblast, confirmed histologically. 8mm diameter biopsies were

obtained using biopsy punches (Stiefel Laboratories, Bucks., UK).

2.7.2. Fetal membrane culture

All manipulation of fetal membranes and reagents for culture were performed using sterile
technique in a class II cabinet. Membrane discs were cultured at 37°C in 5% CO,. Selected
experiments were performed in the presence of 1% O, and 9-13% CO, (created with
Anaerogen AN25 sachet (Oxoid Ltd, Basingstoke, UK) ina 2.5 litre sealed chamber).

2.7.2.1. Culture media

Culture media was prepared at the beginning of each culture and stored at 4°C. Culture
media was Dulbecco’s Modified Eagles Medium with Glutamax-I (DMEM, Life
Technologies) containing 100U/ml penicillin, 100pg/ml streptomycin and 0.25ug/ml
amphotericin B (Life Technologies), with and without 10% fetal bovine serum (Life
Technologies).
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2.7.2.2. Culture technique

8mm fetal membrane discs were washed in prepared culture media. Day 0 discs were
formalin-fixed. Discs were cultured in 1ml culture media in 24 well plates. Minimally
duplicate, and more commonly triplicate, discs were cultured. Media was changed daily.
Discs were removed evefy 2 days, formalin-fixed and wax-embedded (2.2.1.). Discs were
cut in half, and embedded in wax ‘end-on’ so that the fetal membrane cross section across
the maximum diameter of the disc would be obtained when the tissue block was sectioned.
Cultures were carried out for 6 days. Formalin-fixed wax-embedded tissue sections were

used for haematoxylin and eosin staining (2.2.3.), and for immunohistochemistry (2.3.).

2.7.2.3. Additives

Additives used in cultures are in Table 2.5. Media was prepared fresh daily. The
concentration of each additive used was determined from the available literature, for
induction of a-sma, Tn-C or osteonectin expression in vitro. Negative control discs were
cultured for each additive used, with the additive diluent only added to the culture media.
All cultures performed with the additives in Table 2.5 were performed without the addition

of fetal bovine serum.

2.8. Image analysis
2.8.1. Histological and immunohistochemical image analysis

Image analysis for immunohistochemistry slides was performed by visualising slides on a
Zeiss Axioplan microscope, capturing images using an attached Sony Model DXC-151P

video camera and Scion Image™ software on an IBM-compatible personal computer.

All histochemical and immunohistochemical image analysis was performed on
systematically captured random fields examined at 40x magnification. For fetal membrane
rolls, fields were captured along the axes 12 o’clock to 6 o’clock and 9 o’clock to 3
o’clock. Only fields with true cross sections of fetal membrane (not oblique cuts) were
used, as assessed by the finding of a single layer of amniotic epithelial cells. Ten fields per
biopsy were examined. Subsequent re-analysis of the data within Chapter 3 revealed that
all significant differences would have also been detected by examining 5 fields per biopsy.
Therefore 5 fields per biopsy were analysed for the large quantity of biopsies examined in
the fetal membrane maps within Chapter 4. For tissues not in rolls (predominantly first and
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Additive Concentration used Diluent (Final concentration in media)
TGF-B, IJO“g’“ft g}etfgg‘g "T’ 199‘; 0.012% acetonitrile, 0.0001%
(Promega) al., 1996: M e,t al., 1997) trifluoroacetic acid
TNF-a :
(R&D Systems, | 10ng/ml (Mattey et al., 1997) 0.1% PBS, 0.0001% BSA
Abingdon, UK)
® &gg;f’ o | 1ne/ml Rettigeral, 1994) 0.1% PBS, 0.0001% BSA
E’*"(‘I’g;’)m‘l 107M (Valentich e al., 1997) 1% dH,0
® &Dng;ttems) Ing/ml (Mattey e al., 1997) 0.02% PBS, 0.00002% BSA
bFGF 10ng/ml (Jester et al., 1996; 0.1% PBS, 0.0001% BSA, 1nM
(R&D Systems) Mattey et al., 1997) dithiothreitol
® fg‘g}‘fSF ) 100ng/ml (}39“9813)"1“‘° etal, 29% PBS, 0.002% BSA
Angiotensin II ) .
. 10”°M (Mackie et al., 1992; L
(Calbiochem, ? ’ 0.0005% acetic acid
Notts, UK) Campbell & Katwa, 1997)

Table 2.5. Additives used in fetal membrane organ culture, with working concentrations

used, and the diluent for each additive, with which the negative control cultures are

performed. The references from which the concentration of the additives are derived are

shown.
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second trimester fetal membrane), ten random fields evenly spaced along the length of the

biopsy were examined.

2.8.1.1. Morphology measurements

The thickness of the connective tissue layers (amniotic connective tissue, spongy layer,
reticular layer) of the fetal membranes was measured using captured images of
haematoxylin and eosin stained sections. Sections immunohistochemically stained with
anti-éytokeratin were used for measurement of the cytotrophoblast and decidual layers, to
allow clear distinction between the cell types. All measurements were performed using the
Straight-Line tool in Scion Image™. The scale was calibrated by previous measurements
of captured images of a graticule, allowing direct measurements in pm to be performed.
Ten fields per fetal membrane biopsy were examined (five fields per biopsy for mapping
biopsies in Chapter 4). The fetal membrane morphometric index (FMMI) was calculated as
the ratio of the total connective tissue thickness (amniotic connective tissue, spongy and
reticular layers) to the total cellular tissue thickness (cytotrophoblast and decidual layers).

The diameter of fetal membrane discs used in organ culture measurements was measured
in a similar fashion. In order to allow for any distortion and folding of the discs when
processed for histology, measurements were made by drawing along the pseudobasement

membrane using the freehand drawing tool, and measuring the length of the line.

2.8.1.2. Cell counting

Immunoreactive cells were counted in each layer of the fetal membrane per computer
screen width (176um) in 10 fields per fetal membrane biopsy (5 fields per biopsy for
mapping biopsies in Chapter 4). For cell density measurement, the thickness of the relevant
layer of the fetal membrane was measured on the same field as the cells counted, allowing

calculation of the density per cross sectional area of the fetal membrane for each field.

The same technique was used for counting mRNA-positive cells detected by in situ
hybridisation.
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2.8.1.3. Quantification of extracellular matrix staining

The immunoreactivity obtained with antibodies against Tn-C was confined to the
extracellular matrix. A methodology to quantify the staining obtained with monoclonal
antibody BC24 was developed. Slides used for this technique were not counterstained with
haematoxylin. Ten systematically chosen fields were examined (2.8.1.) in each fetal
membrane roll. Images were captured as TIF files, and viewed using Scion Image™
software. The layer under examination (amniotic connective tissue layers or reticular layer)
was outlined using the freehand drawing tool, and area measured. Images were converted
to black and white, and a threshold set to differentiate immunoreactivity. The function
‘analyse particles” was used to measure the area of all immunoreactivity above the defined
threshold within the layer. The area of immunoreactivity was expressed as a percentage of
the area of the layer of the fetal membranes for each field examined. The threshold was
chosen to best differentiate between the varying degrees of immunoreactivity apparent by
visual inspection of all fetal membranes examined. The technique was standardised by the
inclusion of three fetal membrane biopsies expressing high, medium and low BC24

immunoreactivity within the reticular layer in each immunohistochemistry experiment.

2.8.2. Analysis of Western blots

Western blots were scanned on a Umax Astra 1220P flatbed scanner, and saved as TIF
files. Band density was assessed by measuring the area under the curve using the GelPlot2
macro in Scion Image™. This allows a box to be drawn around the specific bands on the
image, and a lane profile plot to be drawn. The area under the curve for each lane was
measured. Where possible all samples being compared were on the same Western blot. If
this was not possible, then a single sample was repeated on each blot, to act as an internal
control for standardisation.

Band intensity of RT-PCR products was assessed using the same technique.

2.9. Statistical analysis

Prior to analysis of data, Shapiro-Wilk test was applied to each data set to test for evidence
of deviation from a normal distribution (StatsDirect™ statistical software). Only where no
evidence of deviation from normality was demonstrated was a parametric statistical test

applied. 5% significance level was used for all statistical analysis.
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Correlation between sets of data (e.g. correlating a-sma expression with fetal membrane
morphology) was assessed using linear regression analysis (parametric), or Spearman Rank
Correlation (non-parametric), using Statview™ statistical software. Comparison between
two sets of data for evidence of significant differences (e.g. comparing Western blot
densitometry values between ‘cervical’ and midzone biopsies) was made using Student t-
test (parametric) or Mann-Whitney U test (non-parametric) using Statview™. Paired t-test
was used where pairs of data from each biopsy were being compared. Multiple
comparisons (e.g. comparing o-sma expression between physiological groups and between
biopsy sites) were made using two-way analysis of variance with post-hoc analysis
(Scheffe’s test) using Statview™. Physiological groups (i.e. pre-labour, labour, post-
labour) and biopsy site (‘cervical’/rupture line, midzone) were set as independent factors in
the analysis.

Determination of an apparent ‘threshold’ in decidual thickness for prediction of a-sma
expression in the fetal membranes (Chapter 4) was made using receiver-operating-curve
(ROC) analysis using StatsDirect™. a-sma positivity was determined by measuring the
maximum area under the curve, and the decidual thickness which best predicted this
calculated.

Areas of fetal membrane affected by morphological change, and by immunoreactivity to
antibodies, were calculated. The length of the long and short axes were measured (the
length of each biopsy was 3cm), and halved to calculate the long (a) and short (b) radius.

The area was then calculated by the formula to calculate the area of an ellipse:

Area = mab
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Chapter 3

Cellular populations of the connective tissue layers

3.1. Introduction

The cellular population of the connective tissue layers of the fetal membrane have been the
subject of controversy, as discussed in Chapter 1. The fibroblast layer of the amnion
contains fibroblasts (vimentin positive, or V cells) and macrophage-like cells (1.2.2.4.). It
has been suggested that these exist in approximately 60:40 ratio (Malak, 1995). The
reticular layer of the chorion contains desmin-positive cells and macrophage-like cells
(1.2.2.7.), again in approximately 60:40 ratio. The ‘fibroblastic’ reticular layer cells are
believed to be myofibroblasts (1.2.2.7.).

Regional differences in fetal membrane structure have been observed following labour and
delivery at term (1.4.2.). A ‘Zone of Altered Morphology’ (ZAM) associated with a
restricted area of the rupture line following labour, membrane rupture, and delivery at
term, exhibits a marked increase in thickness in the connective tissue layers of both the
amnion and chorion, and a decrease in thickness of the cellular layers of the membrane.
This is in comparison to fetal membrane biopsies obtained distal to this site (‘midzone’)
(Malak & Bell, 1994b). The features of altered morphology are associated with an increase
in overall cellularity of the reticular layer, and a change in the cellular populations within
this layer. Thus within the ZAM the reticular layer contains 20% macrophages (no change
in the absolute number of cells), and 80% VD’ cells (Malak, 1995). Although the ZAM
exhibits a number of features characteristic of a ‘wound response’, and ultrastructurally the
‘fibroblastic’ ‘VD’ cell population of the reticular layer appear to be myofibroblasts, they
have been reported as negative for a-sma (Malak, 1995), a marker considered
characteristic of the myofibroblast of the ‘wound response’ (1.5.2.2.).

The hypothesis was therefore developed that the ZAM, which exhibits features of a
‘wound response’, may be generated during labour, or be present prior to the onset of
labour, and may exhibit structural weakness and represent the site of initial membrane

rupture. The usual site of fetal membrane rupture is in the membranes directly overlying
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the internal os of the cervix (Bourne, 1962), and this is proposed as the likely site of

structural alterations in the fetal membranes if present prior to the onset of labour.

3.2. Aims

To determine whether regional structural changes are present prior to and during
labour at term associated with the fetal membranes overlying the cervix, by
examining biopsies obtained from membranes overlying the cervix and from the
midzone.

To establish the phenotype of the cellular populations of the amnion and chorion,
with particular reference to the macrophage population, and the
fibroblast/myofibroblast cell phenotype defined by intermediate filament and

myofilament expression.

To determine whether alterations in the cellular populations and in the connective
tissue layers of the amnion and chorion are associated with anatomically defined

regions, and/or present prior to or during labour.

To determine whether any changes in the cellular populations observed are

associated with structural changes in the fetal membranes.

3.3. Materials and Methods

3.3.1. Fetal membrane samples

Regional fetal membrane biopsies obtained prior to and during labour at term were

examined. Regional fetal membrane biopsies obtained following labour and delivery at

term were also included as a positive control, to confirm the previous results. As the ZAM
has been reported to be commonly found at one end of the rupture line (Malak & Bell,
1994b), biopsies were obtained from each end and from the middle of the rupture line. The

biopsy with the most extreme altered morphology was used for subsequent work. This
method should obtain fetal membrane within the ZAM, although may not obtain fetal

membrane with the most extreme altered morphology present.



Fetal membranes were obtained at term prior to labour (n=11), during labour (n=5), and
following spontaneous labour and vaginal delivery (n=5) as previously described (2.1.1.).

3.3.2. Immunohistochemistry
Immunohistochemistry was carried out on formalin-fixed wax-embedded fetal membrane
samples using monoclonal antibodies to vimentin, a-sma, desmin, CD-68, y-sma, and

smooth muscle myosin as previously described (2.3.). Immunohistochemistry for a-sma

was also carried out on acetone-fixed and formalin-fixed cryostat tissue sections (2.2.2.).

3.3.3. SDS-PAGE and Western blotting

Fetal membrane extracts from paired ‘superscraped’ (2.1.1.4.) fetal membrane biopsies
(n=5) were separated on 10% polyacrylamide gels and transferred to nitrocellulose as
previously described (2.4.). Monoclonal antibody 1A4 was used to detect a-sma using
enhanced chemiluminescence (2.4.5.). The resultant bands were quantified using Scion
Image™ (2.8.2.).

3.3.4. Image analysis

The thickness of the constituent layers of the fetal membranes were measured (2.8.1.1.)
and the numbers of cells immunoreactive to the monoclonal antibodies were counted
(2.8.1.2.).

3.3.5. RT-PCR

RT-PCR using primers to a-sma and GAPDH was carried out (2.5.4. & 2.5.5.), and the
band densities analysed using Scion Image™ (2.8.3.).

3.3.6. Statistical analysis

Statistical analyses used to compare thickness of layers of the fetal membranes, numbers of
immunoreactive cells, Western blot and RT-PCR band densities, and to correlate

parameters are described in 2.9.
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3.4. Results
3.4.1. Fetal membrane morphology

A wide range of morphology of fetal membranes was observed. Examples are seen in
Figure 3.1. The measurements of the individual layers of the fetal membranes prior to,
during, and following labour at term are shown in Table 3.1. The thickness of each of the
individual connective tissue layers of the fetal membrane is significantly greater in the
post-labour rupture line biopsies compared to their midzones: amniotic connective tissue
75% greater (p=0.031), spongy layer 138% greater (p=0.011), reticular layer 85% greater
(p=0.029). The thickness of the decidua is significantly less in the post-labour rupture line
biopsies compared to their midzones (85% reduction in thickness, p=0.0012). These results
are consistent with the previously published regional structural alterations in the fetal
membranes obtained after labour at term (Malak & Bell, 1994b). Thus the fetal membrane
morphometric index (FMMI) is significantly higher in the post-labour rupture line biopsies
compared to their midzones (2.33 vs 0.28, p=0.019) (Table 3.1). Within the pre-labour
fetal membranes, the spongy layer was significantly thicker in the ‘cervical’ biopsies
compared to the midzones (57% higher, p=0.028). Although the there were no significant
differences in thickness of the other layers observed in group overall, significant
differences in thickness were observed within individual patients: amniotic connective
tissue (1 out of 5) and reticular layer (3 out of 5) thickness greater in ‘cervical’ compared
to midzone; cytotrophoblast layer (2 out of 5) and decidual (3 out of 5) thickness reduced
in ‘cervical’ compared to midzone; thus the FMMI was significantly greater in ‘cervical’
compared to midzone in 2 out of 5 patients. In the labour affected fetal membranes only
the decidual thickness exhibited a significant difference between ‘cervical’ and midzone
fetal membranes in the group as a whole (83% reduction in ‘cervical’ compared to
midzone’ p=0.035). However on examination of fetal membrane pairs from individual
patients, a number of significant differences in thickness were observed: amniotic
connective tissue (2 out of 5), spongy layer (3 out of 5) and reticular layer (4 out of 5)
thickness greater in ‘cervical’ compared to midzone; cytotrophoblast layer (3 out of 5) and
decidual (4 out of 5) thickness reduced in ‘cervical’ compared to midzone. Thus in the
group as a whole, the FMMI was significantly greater in ‘cervical’ compared to midzone
biopsies (1.52 vs 0.38, p=0.012).
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Figure 3.1. Haematoxylin and eosin stained sections of fetal membrane illustrating the range of morphology
observed. Fetal membranes illustrated were from the midzone prior to labour (a), overlying the cervix prior
to labour (b), and from the rupture line following labour and delivery (c¢). AC, amniotic connective tissue;
Sp, spongy layer; RL, reticular layer; Cyto, cytotrophoblast layer; Decidua, decidua parietalis. Scale bar of
100pm is shown.
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Pre-labour Labour Post-labour
(n=5) n=5) (n=5)
Midzone ‘Cervical’ Midzone ‘Cervical’ Midzone Rulfnt:re
wAn‘:::‘t’i';e 18.47 21.19 2336 30.80 17.18*  30.04*
+ +
tissue layers +1.87 +1.24 +4.32 +4.36 +2.52 +4.23
Spongy 11.54 18.07° 14.91 2891 12.10° 28.83°
layer +1.28 +2.08 +2.73 +5.62 +1.79 +4.76
Reticular 38.68 48.42 50.41 74.55 41354 76.36%
layer +5.09 +6.00 +14.56 +13.91 +6.53 +11.49
Cvio I 81.66 75.04 75.24 57.27 70.06 50.86
yto layer +6.75 +11.84 +13.67 +6.39 +9.27 +6.07
Decid 156.55 114.31 211.34° 36.80° 214.69" 31.41°
idua 4+30.43 439.07 +67.87 +11.10 436.40 +7.78
0.35 0.55 0.38% 1.528 0.28" 2.33"
FMMI +0.07 +0.06 +0.08 +0.35 +0.05 +0.88

Table 3.1. Thicknesses of the individual layer of fetal membrane biopsies obtained prior

to, during, and following labour at term. All measurements are in um. Ten fields per

biopsy were examined. The mean value and standard error of the mean (derived from n=5

patients) are shown. Comparisons between biopsy sites and physiological group were using
two way ANOVA and Scheffes test. Significant differences are highlighted: a, b, ¢, d, e, f,
g & h, all p<0.05.
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3.4.2. Cellular phenotyping

Immunohistochemistry was carried out to characterise the cellular populations, and
intermediate filament and myofilament phenotype, of the connective tissue cells of the
term fetal membrane. Five pairs of membrane biopsies were examined from each of 3
groups: prior to labour, during labour, and following labour at term. A summary of the
results is given in Tables 3.2 & 3.3.

3.4.2.1. Vimentin

Vimentin immunoreactivity was observed within cells of the fibroblast layer and the
reticular layer (Figure 3.2). No cells negative for vimentin were noted. The number of
vimentin immunoreactive cells was therefore used to represent the total cell count within

the fibroblast and reticular layers.

3.4.2.2. Desmin

Desmin immunoreactive cells were observed within the reticular layer as previously

reported, but very rarely observed in the fibroblast layer (Figure 3.3).

3.4.2.3. a-smooth muscle actin

oa-sma immunoreactive cells were detected in the fibroblast and reticular layers. Their
distribution was restricted, in that they were detected in high numbers principally in the
reticular layer of ‘cervical’ and rupture line biopsies, and only rarely in midzone biopsies
(Figure 3.4a). In biopsies with lower numbers of immunoreactive cells, positive cells were
detected toward the basal aspect of the reticular layer, adjacent to the cytotrophoblast layer
(Figure 3.4b). In biopsies with higher numbers of immunoreactive cells, positive cells
were distributed throughout the reticular layer (Figure 3.4c & d).

Cells immunoreactive for a-sma were observed in the fibroblast layer of some, but not all,
‘cervical’ pre-labour and labour biopsies and rupture line post-labour biopsies (Figure

3.44). They were not observed in the fibroblast layer of midzone biopsies (Figure 3.4a).

The a-sma immunoreactivity observed within the fibroblast and reticular layer cells in this
study conflicts with previously reported results (Malak, 1995). The work in the previous

study was carried out on acetone fixed cryostat tissue sections. In order to investigate this,
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Pre-labour Labour Post-labour

Midzone ‘Cervical’ Midzone ‘Cervical’ Midzone  Rupture line

Vimentin + + + + + +
Desmin - : - - - - -
o-sma - +/- - +/- - +/-
Y-sma - - - - - +/-
SMM - - - - - -
CD68 + + + + + +

Table 3.2. Summary of immunohistochemistry results for the fibroblast layer of regional

fetal membrane biopsies obtained prior to, during, and following labour at term. The

presence (+), absence (-), and inconsistent presence/absence (+/-) of immunoreactive cells

is indicated.
Pre-labour Labour Post-labour
Midzone ‘Cervical’ Midzone ‘Cervical’ Midzone Rupture line
Vimentin + + + + + +
Desmin + + + + + +
a-sma - +/- - + - +
y-sma - +/- - +/- - +/-
SMM - - - - - -
CD68 + + + + + +

Table 3.3. Summary of immunohistochemistry results for the reticular layer of regional
fetal membrane biopsies obtained prior to, during, and following labour at term. The
presence (+), absence (-), and inconsistent presence/absence (+/-) of immunoreactive cells
is indicated.
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Figure 3.2. Vimentin immunohistochemistry on a midzone fetal membrane biopsy (a) and a fetal membrane
biopsy exhibiting altered morphology (b). In both biopsies, immunoreactive cells are detected within the
fibroblast layer and the reticular layer. No negative cells are observed within these layers. Decidual cell are
also immunoreactive. Immunohistochemistry using mouse IgG does not demonstrate any immunoreactivity
(¢). Such negative control slides were included in every immunohistochemistry experiment within this
thesis, using mouse IgG at concentration equivalent to the IgG concentration of the antibody being used.
They were consistently negative.
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Figure 3.3. Desmin immunohistochemistry on a midzone fetal membrane biopsy (a) and a fetal membrane
biopsy exhibiting altered morphology (b). In both biopsies, immunoreactive cells are detected within the the
reticular layer only. No immunoreactive cells are detected within the fibroblast layer.
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Figure 3.4. Immunohistochemistry for a-sma on a midzone fetal membrane biopsy (a) and fetal membrane
biopsies with altered morphology (b-d). In the midzone biopsy (a), no immunoreactive cells are detected
within the reticular layer or the fibroblast layer. Immunoreactivity within smooth muscle cells around a
decidual blood vessel serves as a positive control. A range of patterns of immunoreactivity is observed
within the altered morphology biopsies. Immunoreactivity is observed within the reticular layer (b-d), and
the fibroblast layer (d). Where low numbers of immunoreactive cells are detected in the reticular layer, they
are usually situated adjacent to the pseudobasement membrane (b).
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a-sma immunohistochemistry was carried out on cryostat fetal membrane tissue sections
post-fixed in acetone and formalin. Immunoreactivity for a-sma was observed in the
reticular layer of both the formalin-fixed and acetone fixed ‘cervical’ fetal membrane
(Figure 3.5).

In order to confirm that the immunoreactivity observed with monoclonal antibody 1A4 was
specific to a-sma, further confirmation of the presence of a-sma protein and mRNA within
the fetal membrane was sought.

SDS-PAGE and Western blotting of extracts of the connective tissue layers of paired
‘cervical” and midzone fetal membrane biopsies using monoclonal antibody to a-sma, 1A4
was carried out. A single band at 40kDa was demonstrated, consistent with the reported
size of a-sma (Figure 3.6a&b). Densitometry of the band produced by blotting 5 pairs of
fetal membrane demonstrated significantly higher amounts of a-sma in extracts from
‘cervical’ compared to midzone biopsies (p=0.0278, Figure 3.6c&d).

a-SMA mRNA was demonstrated in the connective tissue layers of fetal membranes by
RT-PCR (Figure 3.7). However densitometry of the resultant bands, relative to GAPDH,

was not significantly different between ‘cervical’ and midzone biopsies (Figure 3.8).

Attempts to design a probe for in situ hybridisation to look for further evidence of a-sma
mRNA expression did not succeed due to the high degree of homology between a-sma and

other actin genes.

3.4.2.4. y-smooth muscle actin

Cells immunoreactive for y-sma were detected within the reticular layer of some ‘cervical’
and rupture line fetal membrane biopsies (Figure 3.9b & c¢). Where low numbers of
immunoreactive cells were present, they tended to be located towards the upper aspect of
the reticular layer, adjacent to the spongy layer (Figure 3.9b), although where higher
numbers of immunoreactive cells were present, they were distributed throughout the layer
(Figure 3.9c). Inmunoreactive cells were noted within the fibroblast layer in one rupture
line biopsy. No immunoreactive cells were observed within the connective tissue layers of
midzone biopsies (Figure 3.9a). Positive cells were noted in the smooth muscle cells

around blood vessels in the decidua.
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Figure 3.5. Immunohistochemistry for a-sma on adjacent biopsies from the same fetal membrane.
Formalin-fixed wax-embedded tissue (a), and cryostat sections post-fixed in formalin (b) and in acetone (c)
all exhibit the same pattern of a-sma immunoreactivity.
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Figure 3.6. Western blot of ‘superscraped’ fetal membrane biopsies obtained prior to labour at term using
monoclonal antibody 1A4 against a-sma, demonstrating a single band at approximately 40kDa (a). (C,
‘cervical’ fetal membrane biopsies; M, midzone fetal membrane biopsies; MW, molecular weight marker,
with sizes indicated in kDa). A paired blot incubated with an equivalent concentration of IgG confirms the
specificity of the band identified (b). The protein loading was titred using a pair of ‘cervical’ and midzone
protein extracts, to determine the optimal protein loading. Protein loading of 50pg is in the linear part of the
curve obtained, and was used for quantitative experiments (c¢). Densitometry values of bands obtained from
‘cervical’ fetal membrane biopsies are significantly greater than those obtained from midzone fetal
membranes biopsies (d)(Mann-Whitney U test). Lines connect the data points from the paired biopsies from
individual patients.
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Figure 3.7. RT-PCR using primers to a-sma on RNA extracted from fetal membrane amplifies a 363 base
pair band. No band is detected in control reactions prepared in the absence (-) of reverse transcriptase (a).
100 base pair ladder is in lane M. Titration curves to optimise the number of cycles of amplification for
GAPDH (b) and a-sma (c). 32 cycles were subsequently used for GAPDH, and 35 cycles for a-sma.
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Figure 3.8. RT-PCR for a-sma ofpaired ‘superscraped’ fetal membrane biopsies obtained prior to labour at
term (a). (C, ‘cervical’ fetal membrane biopsies; M, midzone fetal membrane biopsies). (All samples were
run on a single gel, although on several rows of lanes, therefore images cut and paste to align lanes from the
same samples). Relative densitometry values (as a ratio of GAPDH densitometry value) of bands obtained
from ‘cervical’ fetal membrane biopsies are no different to those obtained from midzone fetal membranes
biopsies (b)(Mann-Whitney U test). Lines connect the data points from the paired biopsies from individual
patients.
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Figure 3.9. Immunohistochemistry for y-sma on a midzone fetal membrane biopsy (a), and on fetal
membrane biopsies with altered morphology (b&c). No immunoreactive cells are observed in the fibroblast
or reticular layers ofthe midzone biopsy (a). Immunoreactivity in the smooth muscle cells around a decidual
blood vessel acts as a positive control. Immunoreactive cells are observed within the reticular layer of fetal
membrane biopsies exhibiting altered morphology (b&c). Where only a small number of immunoreactive
cells are present within the reticular layer, they are usually observed at the upper aspect ofthe layer (b).
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3.4.2.5. Smooth muscle myosin

No cells immunoreactive for smooth muscle myosin were identified in the connective
tissue layers of the amnion or the chorion in any fetal membrane biopsy. Immunoreactive
cells in the smooth muscle coat in blood vessels in the decidua were identified, acting as an
internal positive control (Figure 3.10).

3.4.2.6. CD68

Cells immunoreactive for CD68 were identified within the fibroblast layer and the reticular
layer (Figure 3.11).

3.4.2.7. Cellular phenotypes

The cellular markers used for immunohistochemistry identified a number of cell
phenotypes. All cells in the reticular layer were vimentin immunoreactive.
Immunohistochemistry on serial sections demonstrated that both desmin immunoreactive
cells and CD68 positive cells co-express vimentin (Figure 3.12). Immunohistochemistry
on serial sections of fetal membranes demonstrated that desmin immunoreactivity and
CD68 immunoreactivity occurred in different populations of cells within the reticular layer
(Figure 3.12b&c). Examination of serial sections demonstrated that o-sma
immunoreactive cells represent a subgroup of the desmin-positive cells (Figure 3.13). A
number of rupture line and ‘cervical’ fetal membrane biopsies also contained y-sma
positive cells, a subpopulation of a-sma cells (Figure 3.14). The reticular layer therefore
contains ‘macrophages’ (CD68 positive), and ‘myofibroblastic’ cells (VD, VDA, and
VDAG cells).

Within the amnion, two principle cellular populations are found: CD68 positive cells and
CD68 negative cells. Sporadic desmin-positive cells are found within the CD68 negative
cells. In a number of ‘cervical’ and rupture line fetal membrane biopsies, a proportion of
CD68 negative cells were a-sma positive, and within a single rupture line biopsy, rare y-
sma positive cells occurred. The fibroblast layer of the amnion therefore contains
‘macrophages’ (CD68 positive), and ‘fibroblastic’ cells (V cells). It also contains rare VA

and VAG cells in ‘cervical’ and rupture line fetal membrane biopsies.

Based on the qualitative immunohistochemistry results, numbers of cells immunoreactive
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Figure 3.10. Immunohistochemistry for smooth muscle myosin on a midzone fetal membrane biopsy (a),
and on a fetal membrane biopsy with altered morphology (b). No immunoreactive cells are observed in the
fibroblast or reticular layers of either biopsy. Immunoreactivity in the smooth muscle cells around a decidual
blood vessel acts as a positive control.
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Figure 3.11. Immunohistochemistry for CD68 on a midzone fetal membrane biopsy (a), and on a fetal
membrane biopsy with altered morphology (b). Immunoreactive cells are detected in the fibroblast and

reticular layers ofboth biopsies.
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Figure 3.12. Immunohistochemistry for vimentin (a), desmin (b) and CD68 (c¢) on serial sections of a fetal
membrane biopsy. Representative cells co-expressing vimentin and desmin are highlighted with a circle
with a continuous line (a&b), and representative cells co-expressing vimentin and CD-68 highlighted with a
circle with a dotted line (a&c). Co-expression ofdesmin and CD-68 was not observed.
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Figure 3.13. Immunohistochemistry for desmin (a) and a-sma (b) on serial sections of fetal membrane.
Representative cells co-expressing desmin and a-sma are circled.
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Figure 3.14. hnmunohistochemistry for a-sma (a) and y-sma (b) on serial sections of fetal membrane. The
y-sma positive cells represent a sub-population of the a-sma positive cells. (Some separation of'the amnion
and chorion has occurred, therefore only the reticular layer and cytotrophoblast layer are illustrated, with
red blood cells adherent to the superficial surface ofthe reticular layer).



for vimentin, desmin, a-sma and CD68 will be used to explore differences in regional
cellular phenotype prior to, during, and following labour at term.

3.43. Regional differences in cellular phenotype

3.4.3.1. Total cell count

Numbers of vimentin immunoreactive cells within the fibroblast layer and reticular layer
were counted to give a representation of the total cell count within each layer.

There were no significant changes in the numbers of vimentin positive cells in the
connective tissue layers between sites within any patient group, or between patient groups
(Table 3.4). To examine the effect of the regional differences in the connective tissue
layers on the cellularity of the layers, the cellular density of the layers was examined. The
total cellular dénsities of the connective tissue layers are demonstrated in Table 3.4. There
were no significant differences in total cellular density of either the amniotic connective
tissue layers or the reticular layer either between patient groups, of between sites within
patient groups.

3.43.2. VD’ cells

Desmin immunoreactive cells were commonly observed in the reticular layer, and rarely in
the fibroblast layer (Figure 3.3). Only 6 out of 30 fetal membrane biopsies contained
desmin immunoreactive cells within the fibroblast layer, accounting for 1.4 - 11.9%
(range) of the cells within the layer in these six biopsies. There were no significant
differences between numbers or percentages of des£nin immunoreactive cells either
between patient groups, or between biopsy sites within patient groups (Table 3.5).

There were significantly higher numbers and percentages of desmin immunoreactive cells
in the reticular layer of the post-labour rupture line biopsies compared to their midzone
biopsies (Table 3.5) (2.2-fold higher, p=0.01; 1.5-fold higher, p=0.025 respectively).

3.4.3.3. ‘VDA'’ and ‘VA’ cells

Cells immunoreactive for a-sma were identified in the reticular layer of ‘cervical’ and
rupture line fetal membrane biopsies. The numbers of a-sma immunoreactive cells in the
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Pre-labour Labour Post-labour

Midzone  ‘Cervical’ Midzone ‘Cervical’ Midzone  Rupture line

Amnion 4.80 6.06 6.02 5.92 4.94 828
cell no. +0.55 +0.81 +0.61 +1.14 +0.40 +1.61
Chorion 26.08 25.50 2242 30.78 24.64 36.96
cell no. +1.85 +1.47 +1.10 +4.79 +2.28 +8.90
Amnion 16.07 16.59 15.00 10.38 18.96 15.45
density +1.60 +1.12 +2.25 +1.80 +4.18 +3.00
Chorion 4243 29.60 33.63 25.69 41.09 30.13
density +5.69 +4.43 +6.76 +5.56 +8.03 +5.05

Table 3.4. Numbers and densities of vimentin immunoreactive cells in the connective
tissue layers of the amnion and chorion, of regional fetal membrane biopsies obtained prior
to, during, and following labour at term. The mean derived from 10 fields from each
biopsy, and SEM derived from 5 patients per group are shown. Numbers are expressed as
immunoreactive cells per computer screen width (176pm). Densities are expressed
immunoreactive cells per 0.0lmm?2 of the cross sectional area of the layer. Comparisons
between biopsy sites and physiological group were using two-way ANOVA and Scheffes
test. All comparisons between physiological groups and between biopsy sites were non-

significant.
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Pre-labour

Labour

Post-labour

Midzone - ‘Cervical’

Midzone ‘Cervical’

Midzone  Rupture line

Amnion 0.06 0.02 0.00 0.14 0.00 0.08
cell no. 10.04 40.02 40.00 10.14 +0.00 10.05
Chorion 8.96 13.00 11.98 21.86 13.10* 29.14*
cell no. +1.36 +2.05 12.66 +5.34 +1.15 +4.64
Amnion 14 0.3 0.0 2.4 0.0 0.8
cell % 109 $0.3 10.0 2.4 10.0 10.5
Chorion 349 52.1 53.1 673 54.5° 83.9°
cell % 15.6 9.6 +10.7 6.7 15.3 9.3

Table 3.5. Numbers and percentages of desmin immunoreactive cells in the connective

tissue layers of the amnion and chorion, of regional fetal membrane biopsies obtained prior
to, during, and following labour at term. The mean derived from 10 fields from each
biopsy, and SEM derived from 5 patients per group are shown. Numbers are expressed as

immunoreactive cells within the layer per computer screen width (176um). Percentages are

the number of immunoreactive cells within the layer for each biopsy, expressed as a

percentage of the vimentin immunoreactive cell' count, and are derived from the mean

values for each biopsy. Comparisons between biopsy sites and physiological group were
using two-way ANOVA and Scheffes test. Significant differences are highlighted: a & b,

p<0.05.
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reticular layer, per unit length of membrane, were 17-fold higher in the reticular layer of
‘cervical’ biopsies compared to midzone biopsies in the labour affected group (p=0.041),
and 50-fold higher in the rupture line biopsies compared to midzone biopsies obtained
folloWing labour and delivery (p=0.002) (Figure 3.15). When expressed as a percentage of
the total vimentin immunoreactive cell population, in the reticular layer of midzone
biopsies only 2-5% of cells were a-sma positive. In the labour affected ‘cervical’ biopsies
49% of cells were a-sma positive (9.8-fold higher than midzone, p=0.0031), and in the
rupture line biopsies following labour and delivery 69% of cells were a-sma positive
(34.5-fold higher than midzone, p<0.0001) (Figure 3.16). There were no significant
differences between the numbers and percentages of a-sma positive cells in the reticular
layer between midzone and ‘cervical’ biopsies in the pre-labour patient group. However,
within this group, two patients exhibited significantly higher numbers and percentages of
o-sma immunoreactive cells within the reticular layer compared to their midzone biopsy
(Figures 3.15 & 3.16). These are the same two patients in whom the FMMI of the
‘cervical’ fetal membrane biopsy was significantly higher compared to the respective
midzone biopsy (section 3.4.1).

In the fibroblast layer of the amnion, a significant difference in the number of a-sma
immunoreactive cells between the ‘cervical’ and midzone biopsies was noted in the lébour
affected group (p=0.04) (Figure 3.15). Significantly higher percentages of a-sma
immunoreactive cells were noted in the labour affected ‘cervical’ biopsies compared to
their respective midzones (p=0.026) (Figure 3.16).

The percentage of a-sma immunoreactive cells within the fibroblast layer correlated
significantly with the percentage of a-sma immunoreactive cells within the reticular layer
(Spearman r=0.574, p=0.002).

3.4.3.4. ‘VDAG’ cells

Cells immunoreactive for y-sma were identified in the reticular layer of some ‘cervical’
and rupfure line biopsies. Four pre-labour and one labour “cervical” biopsy did not contain
any y-sma immunoreactive cells within the reticular layer. Cells immunoreactive for y-sma
were not identified in the reticular layer of any midzone biopsy. Examining the mean
number of immunoreactive cells within the groups, significantly greater numbers of

immunoreactive cells were identified in the rupture line biopsies following labour and
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Figure 3.15. Numbers of a-sma immunoreactive cells in the fibroblast (a) and the reticular (b) layers of
regional fetal membrane biopsies obtained prior to, during and after labour at term. The graphs show the
mean and SEM derived from 10 fields from each biopsy, with lines connecting the data points from
individual patients. The mean and SEM (derived from n=5 patients per group) for each group are shown
beneath the graphs. Comparisons between biopsy sites and physiological group were using two way
ANOVA and Scheffes test. All comparisons between physiological groups were non-significant. Significant

p-values are shown in bold.
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Figure 3.16. Percentages of a-sma immunoreactive cells in the fibroblast (a) and the reticular (b) layers of
regional fetal membrane biopsies obtained prior to, during and after labour at term. The graphs show the
mean derived from 10 fields from each biopsy, with lines connecting the data points from individual
patients. The percentages are the number of immunoreactive cells for each biopsy, expressed as a
percentage of the vimentin immunoreactive cell count, and are derived from the mean values from the
biopsy. (Therefore there is no SEM for the mean percentage for each biopsy). The mean and SEM (derived
from n=5 patients per group) for each group are shown beneath the graphs. Comparisons between biopsy
sites and physiological group were using two way ANOVA and Scheffes test. All comparisons between
physiological groups were non-significant. Significant p-values are shown in bold.



delivery compared to the midzone biopsies (p=0.037, Figure 3.17). The number of
immunoreactive cells within the reticular layer of the post-labour rupture line biopsies was
significantly greater than in the pre-labour ‘cervical’ biopsies (p=0.0498). There was no
signiﬁcant difference in numbers of immunoreactive cells in ‘cervical’ biopsies compared
to rupture line biopsies within the labour group overall. However, within this group, three
patients exhibited significantly higher numbers of y-sma immunoreactive cells within the
reticular layer of the ‘cervical’ biopsy compared to their midzone biopsy. There was a
significant correlation between the percentage of cells within the reticular layer
immunoreactive to y-sma and the percentage immunoreactive to o-sma (Spearman
r=0.763, p<0.0001).

v-sma immunoreactive cells were identified within the fibroblast layer of a single rupture
line biopsy only. Within this patient, significantly greater numbers of immunoreactive cells
were identiﬁed in the rupture line biopsy compared to the respective midzone (p=0.029).
This patient also exhibited the greatest number and percentage of a-sma immunoreactive
- cells within the fibroblast layer (3.4.3.3., Figure 3.15 & Figure 3.16).

3.4.4. Macrophages

A trend towards lower numbers of macrophages was noted in the connective tissue layers
of the amnion and chorion, although the only significant differences were observed in the
numbers and percentages of immunoreactive cells in the reticular layer in pre-labour fetal
membranes (1.9-fold and 2.0-fold higher respectively in midzone compared to ‘cervical’,
p=0.041 and p=0.036), and in the percentage of cells in the fibroblast layer following
labour and delivery (2.6-fold higher in midzone compared to rupture line, p=0.0098)
(Table 3.6).

3.4.5. Cellular proportions

The absolute numbers and relative proportions of these cell types in fetal membranes
obtained prior to, during, and following labour at term are demonstrated in Figures 3.18 &
3.19.

VDA myofibroblasts represent 3.1-8.1% of the desmin positive myofibroblast population
in midzone fetal membrane biopsies (Figure 3.20). VDA myofibroblasts represent 72.8%
of desmin positive myofibroblasts in labour affected ‘cervical’ fetal membranes (9.0-fold
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Figure 3.17. Numbers (a) and percentages (b) of y-sma immunoreactive cells in the reticular layer of
regional fetal membrane biopsies obtained prior to, during and after labour at term, (a) The graphs show the
mean and SEM derived from 10 fields from each biopsy, with lines connecting the data points from
individual patients, (b) The percentages are the number of immunoreactive cells for each biopsy, expressed
as a percentage of the vimentin immunoreactive cell count, and are derived from the mean values from the
biopsy. (Therefore there is no SEM for the mean percentage for each biopsy). The mean and SEM (derived
from n=5 patients per group) for each group are shown beneath the graphs. Comparisons between biopsy

sites and physiological group were using two way ANOVA and Scheffes test.
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Pre-labour Labour Post-labour
Midzone . ‘Cervical’ Midzone ‘Cervical’ Midzone Rupture line

Amnion 2.16 1.98 1.02 1.12 1.68 1.02

cell no. 10.67 10.28 40.31 10.57 40.37 10.17
Chorion  7.12* 3.70° 422 3.10 434 378

cell no. +1.02 40.97 +1.11 +1.01 +1.58 +1.44
Amnion 51.5 35.8° 16.2 16.6 32.9° 12.8>¢

cell % 1.7 +7.1 +4.1 155 5.7 +1.5
Chorion 279¢ 14.1¢ 193 9.9 16.2 10.8

cell % +4.4 433 5.2 +3.4 +4.9 +4.5

Table 3.6. Numbers and percentages of CD68 immunoreactive cells in the connective
tissue layers of the amnion and chorion, of regional fetal membrane biopsies obtained prior
to, during, and following labour at term. The mean derived from 10 fields from each
biopsy, and SEM derived from 5 patients per group are shown. Numbers are expressed as
immunoreactive cells within the layer per computer screen width (176um). Percentages are
the number of immunoreactive cells within the layer for each biopsy, expressed as a
percentage of the vimentin immunoreactive cell count, and are derived from the mean
values for each biopsy. Cémparisons between biopsy sites and physiological group were
using two way ANOVA and Scheffes test. Significant differences are highlighted: a, b &

d, p<0.05; ¢, p<0.01.
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Figure 3.18. Numbers of cells (per 176pm computer screen width) immunoreactive for markers to
macrophages (CD68), desmin, a-sma and y-sma in regional fetal membrane biopsies obtained prior to,

during, and following labour at term.
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Figure 3.19. Proportions of cells immunoreactive for markers to macrophages (CD68), desmin, a-sma and

y-sma in regional fetal membrane biopsies obtained prior to, during, and following labour at term.
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Figure 3.20. The number of a-sma immunoreactive cells within the reticular layer expressed as a
percentage of the desmin immunoreactive cells in regional fetal membrane biopsies obtained prior to,
during, and following labour at term. The graphs show the mean derived from 10 fields from each biopsy,
with lines connecting the data points from individual patients. The percentages are the number of
immunoreactive cells for each biopsy, expressed as a percentage of the desmin immunoreactive cell count,
and are derived from the mean values from the biopsy. (Therefore there is no SEM for the mean percentage
for each biopsy). The mean and SEM (derived from n=5 patients per group) for each group are shown
beneath the graphs. Comparisons between biopsy sites and physiological group were using two way
ANOVA and Scheffes test. Significant p-values are shown in bold.
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higher than the respective midzones, p=0.0004), and 84.9% of myofibroblasts in post-
labour rupture line fetal membranes (27.4-fold higher than the respective midzones,

p<0.0001).

3.4.6. Rehtionship between cellular phenotype and fetal membrane morphology

The percentage of a-sma immunoreactive cells within the reticular layer correlated
significantly with the thickness of the spongy layer (Spearman r=0.450, p=0.015), reticular
layer (Spearman p=0.377, p=0.042), with the total connective tissue thickness (Spearman
r=0.404, p=0.03). It correlated inversely with the thickness of the cytotrophoblast layer
(Spearman r=-0.396, p=0.033), decidual layer (Spearman r=-0.749, p<0.0001), and
therefore also the total cellular thickness (Spearman r=-0.761, p<0.0001). It therefore also
correlated with the FMMI (Spearman r=0.778, p<0.0001) (Figure 3.21).

3.5. Discussion

This work confirms the previous findings of regional altered morphology associated with
the rupture line following labour and delivery at term (Malak & Bell, 1994b). However,
altered morphology, as determined by significantly increased FMMI compared to the
midzone biopsy, was also detected associated with fetal membranes overlying the cervix
during labour, and in 2 out 5 patients prior to the onset of labour. The degree of altered
morphology varied widely between patients, especially in the pre-labour and labour
groups, but also in the post-labour group where the rupture line FMMI varied between 1.1
and 5.8. :

The detection of regional altered morphology prior to the onset of labour at term is
consistent with descriptions of the fetal membranes in previous reports (Bourne, 1962;
Ibrahim er al., 1983), and with a recent publication on fetal membrane morphology
(McLaren et al., 1999a). Bourne had previously described features of the ‘dependent’ fetal
membranes, defined as lying within 1 inch of the undilated internal cervical os (Bourne,
1962). These were biopsied at the commencement of induction of labour. He described the
compact, fibroblast, and reticular layers as being thinner than usual, and the trophoblast as
degenerate, and the decidua as thin or absent. His illustration of such membranes, however,
demonstrates morphology typical of the ‘Zone of Altered Morphology’ (Malak & Bell,
1994b). Ibrahim described ultrastructural features of loosely and randomly arranged

collagen fibrils in the compact, fibroblast and spongy layers in fetal membranes overlying
98



a-sma reticular layer %

a-sma reticular layer %

100
90
80
70
60
50
40
30
20

100

80
70

50

40 -

30
20

Total connective tissue layers

50

100 150

Thickness (pm)

r=0.404
p=0.030

200

r=0.528
p=0.0045

250

100

90

60

40

Total cellular layers

r=-0.761
p<0.0001

O 100 200 300 400 500 600

Thickness (pm)

Figure 3.21. Relationship between the
percentage  of  reticular layer cells
immunoreactive for a-sma, and aspects of
fetal membrane morphology. Spearman Rank
correlation coefficents and p-values are
shown.

99



“the internal os of the cervix (Ibrahim et al, 1983). These features were previously
described in the ZAM (Malak, 1995; Malak & Bell, 1996). These findings are therefore
consistent with the possibility that structural changes in the fetal membranes prior to the
onset of labour predispose the fetal membranes at this site to later rupture.

An alteration in the intermediate filament phenotype of the fibroblastic populations of the
fibroblast and reticular layers was observed in association with altered morphology of the
fetal membranes. Within the reticular layer the non-macrophage population are ‘VD’ cells
in the midzone biopsies. In ‘cervical’ and rupture line fetal membrane biopsies with altered
morphology, the majority of the non-macrophage cells are ‘“VDA’ cells, with ‘VDAG’
cells detected in some biopsies. No fetal membrane biopsy exhibited smooth muscle
myosin positive ‘VDAGM’ cells. The non-macrophage cell population within the
fibroblast layer are ‘V” cells, with ‘VA’ cells observed in a proportion of cells in some

biopsies with altered morphology.

The altered fetal membrane morphology detected was not associated with any significant
changes in either total cell count, or cell density, in either the amniotic or chorionic
connective tissue. The counting methodology involved counting of immunoreactive cells.
As the markers are expressed within the cytoplasm, then cell processes may be counted as
a positive cell. The cell shapes mean that cell nuclei are not commonly encountered.
Therefore counting cell nuclei was not used to count the total number of cells. Vimentin
immunoreactivity was used as a surrogate for the total cell count. Vimentin is expressed in
mesenchymal cells, and expression is therefore expected in fibroblastic cells (Osborn &
Weber, 1982). No cells negative for vimentin were noted within the fibroblast and reticular
layers in this study, and serial sections confirmed co-expression by cells expressing CD68.
Co-expression of vimentin and CD-68 has been described previously (Adegboyega et al.,
2002).

The non-fibroblastic cells of the fibroblast and reticular layers have previously been
suggested to be dendritic cells (Sutton ef al., 1983; Trimble et al., 1992) or macrophages
(Bulmer & Johnson, 1984; Malak, 1995). Expression of vimentin has previously been
descnbed in both dendritic cells (Narvaez et al., 1996, Badouin et al., 1997), and also in
CD68-positive macrophages (Hotta er al., 1998). The non-fibroblastic cells of the
fibroblast and reticular layers were identified by immunoreactivity to CD68 in this study,
as previously described (Schmidt, 1992; Hanssens et al., 1995). They have previously been
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demonstrated to express CD14 (Bulmer & Johnson, 1984; Malak, 1995), HLA-DR (Sutton
et al., 1983; Bulmer & Johnson, 1984) and factor X1IIa (Trimble et al., 1992). It is likely,
therefore that they are tissue macrophages, as dendritic cells do not usually express CD68
or CD14 (Steinman et al., 1997).

The cellular populations within the connective tissue layers of the fetal membranes
changed in association with altered morphology. A trend towards lower percentages of
macrophages was identified in association with altered fetal membrane morphology,
although this was only significant among the fibroblast layer of the post-labour group and
the reticular layer of the pre-labour group. A trend towards an increase in the proportion of
desmin-positive cells was also observed in association with altered morphology, although
this only reached significance in the reticular layer in the post-labour group.

The detection of a-sma within the reticular layer cells on both formalin-fixed wax-
embedded tissué, and on acetone fixed cryostat sections, contradicts a previous report
where a-sma was not detected within fetal membrane biopsies with altered morphology
(Malak, 1995). This anomaly was not resolved. The immunohistochemistry result was
confirmed by immunoblotting of extracts obtained from the connective tissue layers of
altered morphology and midzone biopsies, using the same monoclonal antibody, 1A4.

It was possible to detect mRNA for a-sma within the fetal membranes by RT-PCR.
However, semi-quantitative RT-PCR, relating the a-sma RT-PCR products obtained in
relation to GAPDH RT-PCR products, did not demonstrate any difference in mRNA level
" between altered morphology and midzone biopsies. This may be due to the limitations of
the technology applied, or may reflect the true in vivo relationship between a-sma mRNA
and protein levels. The experiments were performed on mRNA extracted from the
connective tissue layers of the fetal membranes only, as the inherent differences in cellular
composition between fetal membranes with altered morphology and those from the
midzone would invalidate work being carried out on whole fetal membranes. However, the
technique of dissecting the connective tissue layers resulted in significant tissue damage, as
demonstrated by the degree of DNA contamination of the resultant RNA preparations. It is
thus bossible that the RNA obtained may not accurately reflect the composition of the
tissue. Also, the inherent inaccuracies in the technique of PCR limit its accuracy as a
quantitative technique, and an alternative technique such as real-time PCR may have been

more appropriate (Freeman er al., 1999). The choice of GAPDH as the reference
. 101



housekeeping gene may also not have been appropriate. It is possible that the fetal
membranes within the lower uterine segment, exhibiting altered morphology, with poor
underlying decidua and undergoing stretch, are relatively hypoxic. Hypoxia is recognised
to upregulate GAPDH expression (Lu et al., 2002), and thus may have affected the results.
The result may also, however, be a true reflection of the nature of a-sma expression within
the tissue studied. It is well recognised that mRNA expression need not represent protein
expression, due to factors including mRNA stability, mRNA processing and nuclear
export, translation, and protein degradation (Pradet-Balade e? al., 2001).

The inability to detect a-sma mRNA by in situ hybridisation also appears to reflect
technical difficulties. The a-sma gene has a high degree of homology with other actin
genes, and the probe designed for in situ hybridisation reacted to all cells within the
biopsies tested, suggesting cross reactivity with B-actin or y-actin (the a-sma nucleotide
sequence shares 82.6% homology with the y-cytoplasmic actin nuéleotide sequence, and
82.0% homology with the B-cytoplasmic actin nucleotide sequence (Miwa ef al., 1988)).

Altered fetal membrane morphology, and o-sma expression within cells of the reticular
layer was detected in 2 out of 5 pre-labour ‘cervical’ fetal membrane biopsies. There are a
number of possible reasons for this. It may be that the altered morphology and a-sma
expression develop in the fetal membranes overlying the cervix over a period prior to
labour, and their detection in a proportion of patients reflects this temporal development
and indicates proximity to spontaneous labour. Alternatively, the altered morphology and
‘o-sma expression may be present overlying the cervix prior to labour at term in all
patients, and the detection in 2 out of 5 studied in this chapter reflects inaccuracy in the
biopsy technique. It may also be a combination of these, as increase in size of such an area

would affect the probability of biopsying such an area accurately.

3.6. Conclusions

e Regional changes in fetal membrane morphology, characterised by increased
connective tissue thickness and reduced cellular layer thickness, can be identified in
fetal membrane biopsies obtained overlying the cervix following, and during labour,
and in the rupture line following labour and delivery at term.
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e Mpyofibroblasts in the reticular layer express the ‘“VD’ phenotype. Expression of the

‘VDA’ and the “VDAG’ phenotypes were detected in association with regional altered
morphology.

e Cells within the fibroblast layer have the ‘V’ phenotype, and rarely the “VA’ or ‘VAG’
phenotype.

o (CD68-positive macrophages were detected in both the fibroblast layer and reticular
layer
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Chapter 4

Mapping of morphological changes and myofibroblast differentiation in
fetal membranes prior to the onset of labour

4.1. Introduction

In Chapter 3, a regional increase in a-sma expression in the reticular layer of the chorion
was demonstrated, associated with altered morphology of the fetal membranes. Increased
a-sma expression within the reticular layer was observed in rupture line biopsies following
labour at term, in ‘cervical’ fetal membrane biopsies obtained during labour, but in only 2
out of 5 ‘cervical’ biopsies obtained prior to the onset of labour at term. Altered
morphology in the fetal membranes as measured by increased FMMI was observed in
rupture line biopsies following labour at term, ‘cervical’ fetal membrane biopsies obtained
during labour, and in 2 out of 5 of the ‘cervical’ biopsies obtained prior to the onset of

labour at term. There are two possible related explanations for these anomalies:

1. The altered morphology and a-sma expression in the fetal membranes over the cervix
develop in association with preparation for labour, in a fixed period prior to the onset
of labour. The detection of these features in the ‘cervical’ fetal membrane biopsies
obtained prior to labour at 38 weeks gestation may therefore depend on the proximity

of the woman to spontaneous labour.

And/Or

2. The altered morphology and a-sma expression in the fetal membranes over the cervix
affects a limited area of membrane. This area may increase in size as labour
approaches/occurs. The detection of increased a-sma expression and altered
morphology in all of the ‘cervical’ fetal membrane biopsies during labour (compared to

2 out of 5 prior to labour) would be consistent with a larger area being affected.

It is therefore possible that obtaining a single biopsy of fetal membrane overlying the
cervix may not be sufficiently representative, and may be affected by variation in size and
development of morphological changes and reticular layer o-sma expression. It is also
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possible that the morphological changes and a-sma expression may occur independently,
and affect different areas of fetal membrane, or have a different temporal onset. In order to
test these hypotheses, a study examining the morphology and a-sma expression in
comprehensively mapped fetal membranes prior to the onset of labour at term was
undertaken.

4.2. Aims

e To determine the frequency of the occurrence, approximate size, and location of an
area of altered morphology in fetal membranes obtained prior to the onset of labour at

term.

e To determine the frequency of the occurrence, approximate size, and location of the
area of a-sma expression in the reticular layer of the fetal membranes prior to the onset

of labour at term.

e To examine the relationship between individual features of altered morphology
(increase in connective tissue thickness and decrease in thickness of cellular layers) and

a-sma expression in areas of fetal membrane prior to the onset of labour at term.

4.3. Materials and Methods

4.3.1. Tissue samples

Fetal membranes were obtained from elective Caesarean section carried out prior to labour
at 38-39 weeks (n=10). Multiple 3cm biopsies were taken radially from the location of a
Babcock tissue forceps, placed on the membranes over the internal os of the cervix by the
surgeon, out towards the placental edge (2.1.1.3.). Additional biopsies were taken in the
angles between the axes to assist with the accuracy of the mapping. When the membrane
was placed ﬂat, the location of the Babcock tissue forceps and the Caesarean section
incision in the membranes allowed orientation of the membranes with respect to the uterus.
Thus the longitudinal axis of biopsies corresponds to the sagittal plane of the uterus, and
the transverse axis of biopsies to the coronal plane. Tissues were formalin-fixed and wax-
embedded (2.2.1.).
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4.3.2. Immunohistochemistry

Immunohistochemistry was carried out using monoclonal antibodies to a-sma, vimentin
and cytokeratin as previously described (2.3.) in order to assess total cell number and

myofibroblast phenotype, and to assist with morphology measurements.

4.3.3. Image analysis

Fetal membrane morphology was examined by measuring the constituent layers of the fetal
membranes (2.8.1.1.). Sections immunohistochemically stained with a monoclonal
antibody to cytokeratin were used to identify and measure the cytotrophoblast layer.

Counting of cells immunoreactive for a-sma and vimentin was carried out (2.8.1.2.).

4.3.4. Statistical analysis

The area of fetal membrane affected by morphological and other changes was calculated
based upon the area of an ellipse (section 2.9.). ROC curve analysis was used to determine
the decidual thickness which best predicted a-sma immunoreactivity within the reticular
layer. Statistical tests used to compare parameters between biopsies from different areas of

the fetal membranes, and to correlate different parameters, are described in section 2.9.

4.4. Results

4.4.1. Fetal membrane morphology

The relationship between the changes in thickness of the different layers of the fetal
membrane was examined by looking at graphical representations of the parameters along
the longitudinal and transverse axes of the membrane maps. The results for a sample

patient are shown in Figures 4.1a&b.

Decidual thinning was a consistent feature of the altered morphology in all ten membranes,
affecting the widest area of the membrane (in comparison to the changes in the other
parameters), and typically showing an abrupt change from °‘thick’ decidua to ‘thin’
decidua, over a maximal distance of one biopsy. Within the area of thin decidua, the
membranes exhibited increased thickness of the individual connective layers (amniotic

connective tissue, spongy and reticular layers), and thinning of the cytotrophoblast layers.
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Figure 4.1a. The thickness (|im) of the different layers of the fetal membrane samples, and the resultant
FMMI, obtained from sequential fetal membrane biopsies along the longitudinal axis of a fetal membrane
map (Patient 270). Each point represents the mean of 5 measurements, and the standard errors are also
indicated. The location of the Babcock tissue forceps is shown (B). The dotted line marks the intersection
with the transverse axis of'the map (see Figure 4.1b).

107



m 200

Amniotic

Cytotrophoblast layer Total connective tissue
45 connective m 180 thickness
tissue
40 160
140
30 60 n
25 40
20 80
20
60
35 450 500
Spongy layer 400 Decidua 450 Total cellularthickness
350 400
I 300 350
300
250
20 250
200
200
ﬁ) 150
50
110
ID Reticular layer Total fetal me mbrane
thickness
90
-g 80
| 60
0 2
40
20 0
1 2 3 4 5 6 7 8 12 3f4 5 6 7 8
B B
Fetal membrane samples Fetal membrane samples Fetal membrane samples

Figure 4.1b. The thickness (pm) of the different layers of the fetal membrane samples, and the resultant
FMMI, obtained from sequential fetal membrane biopsies along the transverse axis ofa fetal membrane map
(Patient 270). Each point represents the mean of 5 measurements, and the standard errors are also indicated.
The location of the Babcock tissue forceps is shown (B). The dotted line marks the intersection with the
longitudinal axis ofthe map (see Figure 4.1a).
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The change in thickness of these layers was typically gradual, and confined within the area
of thin decidua.

The degree of altered morphology and area affected varied between patients. Because of
the variation in the thickness of the component layers between patients, it was not possible
to define a ‘normal’ Mchess for each layer which could be applied to membranes from all
patients, and beyond which the morphology could be considered altered. The altered
morphology was therefore described as the ratio of the total connective tissue layer
thickness to total connective tissue thickness (the Fetal Membrane Morphometric Index,
FMMI (Malak & Bell, 1994b)). The distribution of FMMI of the biopsies for a

representative fetal membrane map is shown in Figure 4.2.

The maximal FMMI for each individual membrane map varied from 2.0 to 11.4. The
changes in FMMI along the longitudinal and transverse axes of the ten fetal membrane
maps are shown in Figures 4.3 & 4.4. (The area of altered morphology was eccentric to
the Babcock in patient 276, and the ‘secondary’ longitudinal axis running through the
region was used). There was not a consistent relationship between the area affected by the
increase in thickness of the individual connective tissue layers and that of cytotrophoblast
thinning. One membrane did not exhibit an increase in connective tissue thickness, it did
however display thinning of the cytotrophoblast and decidua. Thus the FMMI was
increased. One membrane did not have an area of thinned cytotrophoblast, but did have
increased connective tissue thickness and thinning of the decidua, thus giving a raised
FMML. The area affected by elevated FMMI, which was in most fetal membranes affected
significantly by the decidual thinning, was calculated for each individual fetal membrane,
based on elevation of the FMMI above the baseline for the midzone for that membrane.
Within this area an inner zone of ‘extreme altered morphology’, characterised by marked
thinning of the connective tissue layers of the amnion and chorion, and thinning of the
cytotrophoblast and decidual layers was identified. The area affected by elevated FMMI
and ‘extreme altered morphology’ can be seen on the maps in Figure 4.5. The areas
affected by elevated FMMI and ‘extreme altered morphology’, based on the axes of the
maps and the area of an ellipse, are shown for individual patients in Table 4.1. The
location of the area of extreme altered morphology with respect to the Babcock tissue
forceps and the Caesarean section incision indicates that it is located in the membranes

from the lower uterine segment, and is centred upon the internal os of the cervix.
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Figure 4.2. Diagrammatic representation of the FMMI ofthe fetal membrane biopsies for a fetal membrane
map (Patient 270). The FMMI values for each individual biopsy are shown.
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Figure 4.3. The FMMI values of the fetal membrane samples along the longitudinal axis of the maps
obtained from 10 patients at term prior to the onset of labour. Each line represents a different patient, with
the colour of the line representing the same patient as in Figures 4.4, 4.9 & 4.10. The data is spread across

two graphs solely to assist in the clarity ofreading.
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Figure 4.4. The FMMI values of'the fetal membrane samples along the transverse axis ofthe maps obtained
from 10 patients at term prior to the onset of labour. Each line represents a different patient, with the colour

ofthe line representing the same patient as in Figures 4.3, 4.9 & 4.10. The data is spread across two graphs
solely to assist in the clarity ofreading.
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Figure 4.5. Schematic representations of the fetal membrane maps
obtained prior to labour at term illustrating the site and area affected
by alterations in fetal membrane morphology. The light blue boxes
represent biopsies with elevated FMMI, and dark blue boxes those
with ‘extreme altered morphology’. Great variation between patients
in the area of fetal membrane affected by altered morphology can be

seen.
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Patient Area (cm’) with Area (cm”) with extreme | Area (cm®) with
code elevated FMMI altered morphology a-sma positivity
245 223.8 33.0 113.1
248 49.5 9.4 70.7
264 28.3 4.7 49.5
270 188.5 33.0 176.7
271 127.2 63.6 141.4
272 153.9 3.9 121.0
273 78.5 9.4 70.7
276 47.1 24 47.1

2717 127.2 49.5 70.7
282 169.6 4.7 70.7

Mean 1194 21.4 93.1

Table 4.1. Estimated area affected by altered morphology (elevated FMMI), extreme
altered morphology and a-sma positivity in fetal membrane maps obtained prior to the
onset of labour at term. The area is based on calculating the area of an ellipse.
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The morphology measurements for the single biopsy exhibiting the most extreme altered
morphology (as defined by the maximal FMMI within the fetal membrane map), and a
single midzone biopsy (defined as the 5™ biopsy along the longitudinal axis from the
Babcock location, i.e. minimum 12cm from the Babcock forceps, as previously defined),
per patient are shown in Table 4.2. The fetal membranes exhibiting extreme altered
morphology demonstrated increased thickness of 48%, 84% and 81% of the amniotic
connective tissue, spongy layer and reticular layer respectively compared to midzone
biopsies. The cytotrophoblast layer and decidual layer had decreased thickness of 51% and
91% respectively compared to midzone fetal membranes. The fetal membranes exhibiting
extreme altered morphology were therefore 47% thinner than midzone biopsies. All of
these differences were highly significant (all p<0.01).

When the values for fetal membrane biopsies identified by the Babcock tissue forceps were
compared to the midzone biopsies, similar increased thickness of the connective tissue
layers was observed, although less extreme thinning of the cellular layers occurred (Table
4.2). When the data for individual patients is examined, it is apparent that 9 out of 10
‘Babcock’ biopsies exhibited some degree of altered morphology (in 8 out of 10, extreme
altered morphology). In 7 out of the 9 membranes with a ‘Babcock’ biopsy with altered
morphology, an alternative biopsy with more extreme altered morphology could be
identified (Figure 4.6).

4.4.2. ‘Mucus-associated’ fetal membrane morphology

Six out of the ten patients had one or more fetal membrane biopsies with histologically
identified mucoid material adherent to the cellular surface of the fetal membrane (Figure
4.7). The biopsies with mucoid material attached were in the middle of the area of extreme
altered morphology, and the material is presumed to be mucus derived from the cervical
glands. In four of the patients the mucoid material was associated with part or all of a
single fetal membrane biopsy. In the remaining two patients a number of adjacent biopsies
had mucoid material attached, covering an estimated area of 22cm”. These two patients had
1% and 2™ largest areas affected by elevated FMMI, and the 1* and 3™ highest peak FMMI
values (5.4 and 11.4).

When compared to other membrane biopsies exhibiting extreme altered morphology (total
27 biopsies from 10 patients), the ‘mucus-associated’ biopsies (total 13 biopsies from 6

patients) had significantly thinner amniotic connective tissue, reticular layer,
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Extreme altered morphology Midzone

Mean SEM CoVv Mean SEM COV__ p-value

Amniotic

copmmiofe 316 2.1 212 214 29 423 0.01
Spongy layer 5, 42 513 14.0 23 524 0.01
Reticularlayer o5 ¢ 92 34.0 474 47 317  0.003
Cytotrophoblast 156 38.1 83.0 7.0 266  0.0002

layer
Decidua 19.9 42 659 2188 452 654  0.002
Total connective ., 5 43, 289 82.7 9.3 353 0.001
tissue
Total cellular ;¢ 72 376 3018 458 480  0.0006
Total fetal
membrane 2037 168 261 3846 452 372 0.006
thickness
FMMI 49 1.0 62.7 0.4 0.1 771 0.001

Table 4.2. Thickness measurements (um) of the component layers of the fetal membranes
obtained prior to labour at term, in selected biopsies exhibiting extreme altered
morphology (n=10) and midzone biopsies (n=10). The Fetal Membrane Morphometric
Index (FMMI) represents the ratio between the total connective tissue thickness and total
cellular thickness. The coefficient of variance (COV) gives a measure of the variation in
the measurement values as a percentage of the mean. The ‘extreme altered morphology’
and midzone biopsy data are compared using a paired t-test, and the p-values shown on the

table. All differences are highly significant.
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Figure 4.6. The fetal membrane morphometric index for selected biopsies from fetal membrane maps
obtained from patients prior to the onset of labour at term. Each point represents the mean value of 10 fields
measured. The lines connect the samples from individual patients. Midzone biopsies, selected ‘extreme
altered morphology’ biopsies, and the biopsy marked by the Babcock tissue forceps are plotted.
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Figure 4.7. Serial sections of a ‘mucus-associated’ fetal membrane biopsy stained with haematoxylin and
eosin (a), and immunohistochemistry for cytokeratin (b). Mucoid materal (M) is present immediately
beneath the cytotrophoblast layer (C). Immunoreactivity for cytokeratin within the cytotrophoblast layer (b)
highlights the absence of decidual cells.
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cytotrophoblast layer, decidua and total fetal membrane thickness (Table 4.3). Indeed on a
number of the biopsies no decidual cells were discernible at all (Figure 4.7). The reduction
" in thickness of the reticular layer did not however reach the values associated with
midzone biopsies (77.4um compared to 47.4pum in midzone biopsies, p=0.0027), although
the thickness of the amniotic connective tissue and spongy layers were not significantly
different from that measured in midzone biopsies (29.0um vs. 21.6um, p=0.07; and
19.8um vs. 14.0um, p=0.09 respectively). Thus the total connective tissue thickness in the
‘mucus-associated’ biopsies was still significantly higher than in the midzone biopsies
(122.5p.m vs. 82.7um, p=0.0059) (Tables 4.2, 4.3). The extreme thinning of the cellular
layers on these membranes gave a significantly higher FMMI (Table 4.3, Figure 4.8).

4.4.2, a-sma expression

4.4.2.1. Chorion

All fetal membranes examined exhibited a region of a-sma expression within the reticular
layer of the chorion. This was located within the area of decidual thinning previously
described (4.4.1.). The change along the longitudinal and transverse axes from ‘a-sma
negative’ to ‘a-sma positive’ was typically abrupt in onset, occurring over a maximum of
one 3cm biopsy (Figures 4.9 & 4.10). The percentage of vimentin positive cells
immunoreactive for a-sma was 72.7% in the selected ‘extreme altered morphology’
biopsies (those defined with the maximum FMMI, as in Table 4.2) compared to 5.2% in
the selected midzone biopsies (biopsies as in Table 4.2; p=0.000003). The area of fetal
membrane with a-sma immunoreactive cells within the reticular layer (calculation based

on the area of an ellipse) varied between patients (Table 4.1, Figure 4.11).

Figure 4.12 compares the reticular layer a-sma count in the selected midzone, ‘extreme
altered morphology’ and ‘Babcock’ biopsy per membrane. Only 1 out of 10 ‘Babcock’
biopsies failed to demonstrate a-sma immunoreactive cells, and also did not exhibit altered

morphology (Figure 4.6).

When data from all biopsies from all ten fetal membranes was combined, the numbers of
o-sma immunoreactive cells within the reticular layer correlated positively with the
reticular layer thickness (Spearman r=0.459, p<0.0001), amniotic connective tissue
thickness (Spearman r=0.421, p<0.0001) and total connective tissue thickness (Spearman
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‘Mucus-associated’ biopsies Other extreme altered
(n=13) morphology biopsies
(n=27)

Mean SEM COV Mean SEM cov  tfestp

value
Amniotic

connective 29.0 2.8 335 416 2.0 313 0.0049
tissue

Spongy layer 198 23 40.6 28.2 35 78.6 0.21

Reficular layer  77.4 6.8 31.7 108.1 45 26.7 0.0022

Cyto layer 317 4.4 49.8 543 3.1 36.9 0.0010

Decidua 8.4 2.8 1189 293 36 794 0.0037
Total

connective 122.5 8.9 252 177.9 76 272 0.00083
tissue

Total cellular  40.1 62 55.6 83.7 56 430  0.00029
Total fetal
membrane

ko, 153.2 14.1 332 2615 9.1 225  0.000002

FMMI 52 07 494 35 02 43.0 0.015

Table 4.3. Thickness measurements (um) of the component layers of the fetal membranes

obtained prior to labour at term, in all ‘mucus-associated’ fetal membrane biopsies

compared to all other fetal membrane biopsies exhibiting extreme altered morphology. The
Fetal Membrane Morphometric Index (FMMI) represents the ratio between the total

connective tissue thickness and total cellular thickness. The coefficient of variance (COV)

gives a measure of the variation in the measurement values as a percentage of the mean.
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Figure 4.8. Haematoxylin and eosin stained sections of a ‘mucus-associated’ fetal membrane biopsy (a), a
fetal membrane biopsy exhibiting extreme altered morphology (b), and a midzone fetal membrane biopsy
(¢). The vertical line highlights the thickness of the combined connective tissue layers of the amnion and

chorion.
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Figure 4.9. The reticular layer a-SM A count of the fetal membrane samples along the longitudinal axis of
the maps obtained from 10 patients at term prior to the onset of labour. Each line represents a different

patient, with the colour of the line representing the same patient as in Figures 4.3, 4.4 & 4.10. The data is
spread across two graphs solely to assist in the clarity ofreading.
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Figure 4.10. The reticular layer a-sma counts of the fetal membrane samples along the transverse axis of
the maps obtained from 10 patients at term prior to the onset of labour. Each line represents a different
patient, with the colour of the line representing the same patient as in Figures 4.3, 4.4 & 4.9. The data is
spread across two graphs solely to assist in the clarity ofreading.
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Patient 245 Patient 248 Patient 264
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Figure 4.11. Schematic representations of the fetal membrane
maps obtained prior to labour at term illustrating the site and size of
fetal membrane affected by a-sma immunoreactivity within the
reticular layer.
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Figure 4.12. The reticular layer a-sma count for selected biopsies from fetal membrane maps obtained from
patients prior to the onset of labour at term. Each point represents the mean value of 10 fields measured.
The lines connect the samples from individual patients. Midzone biopsies, selected ‘extreme altered
morphology’ biopsies, and the biopsy marked by the Babcock tissue forceps are plotted.
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r=0.486, p<0.0001). It correlated inversely with the cytotrophoblast layer thickness
(Spearman r=-0.489, p<0.0001), and correlated positively with the FMMI (Spearman
r=0.731, p<0.0001). The relationship between decidual thickness and a-sma
immunoreactivity within the reticular layer appeared to exhibit a ‘threshold’ (Figure 4.13).
ROC curve analysis demonstrated a maximum area under the curve for a-sma
immunoreactivity of 9 cells per field, which was best predicted by decidual thickness
<45um.

4.4.2.2. Amnion

Rare cells (average less than 1 immunoreactive cell per computer screen width) within the
fibroblast layer of the amnion exhibited a-sma immunoreactivity. However, two patients
had significant numbers of a-sma immunoreactive cells within the fibroblast layer, in a
region of fetal membrane originating in the lower uterine segment, within the region of
fetal membrane exhibiting extreme altered morphology. One of these is illustrated in
Figure 4.14. This fetal membrane exhibited a large region of ‘mucus-associated’ altered
morphology, but did not have any other distinctive features to correlate with the amniotic

o-sma expression.

4.5. Discussion

All fetal membranes examined exhibited a region of extreme altered morphology located in
the membranes originating in the lower uterine segment. The key features of extreme
altered morphology were increased thickness of the connective tissue layers of the amnion
and chorion, and thinning of the cytotrophoblast and decidual layers. The ratio of the
connective tissue to cellular layers (Fetal Membrane Morphometric Index, FMMI) was

therefore markedly increased.

The morphological parameter affecting the largest area was that of thinning of the maternal
decidual layer. This resulted in a zone of fetal membrane with an elevated FMMI in
comparison to the fetal membrane in the remainder of the sac. Within this zone there was a
change to a more restricted area exhibiting all the features of extreme altered morphology
i.e. thickened connective tissue layers of the amnion and the chorion, the compact,
fibroblast, spongy and reticular layers, and thin cellular cytotrophoblast layers (Malak &

Bell, 1994b). The changes in thickness of the individual component layers of the fetal
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Figure 4.13. The relationship between the thickness of the maternal decidua and numbers of
immunoreactive a-smooth muscle actin cells in the reticular layer, in all biopsies (n=242) obtained from
fetal membranes obtained from 10 patients prior to labour at term. Decidual thickness of45pm (dotted line)
was determined by ROC curve analysis to best predict a-smooth muscle actin positivity (9 cells per field;
dashed line) within the reticular layer.
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c. Reticular layer
a-sma positivity

b. Increased FMMI

Figure 4.14. Maps demonstrating the region
of fetal membrane exhibiting a-sma
immunoreactivity within the fibroblast layer
in Patient 245 (a), in comparison to the region
exhibiting altered morphology, and the region
exhibiting reticular layer a-sma positivity (c).
These regions substantially overlap.
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membranes were typically gradual, and affected widely varying areas of the fetal
membrane sac (whilst still remaining within the area of decidual thinning, and always
centred upon the same point, presumed to represent the site of the internal os of the cervix)
(Figure 4.15). There was no fixed relationship between the area affected by the changes of
thickness of the component layers of the fetal membranes (e.g. in some membranes the
increased reticular layer thickness affected a wider area than reduction in cytotrophoblast
layer thickness, and in some membranes vice versa). It was not possible to define thickness
thresholds for each layer of the fetal membranes in order to define altered morphology, due
to the biological variation between individual fetal membranes. The area of elevated
FMMI represents an average of 10.7% of the surface area of the expelled fetal membranes,
based on the published average total surface area of 1115cm? at term (Millar ez al., 2000).
The area of extreme altered morphology, affected by changes in thickness of all component
layers affected an average of 1.9% of the surface area. The size of the region of extreme
altered morphology in this study is approximately comparable to that of the ZAM
identified by Malak (described as 4-10cm diameter, equates to 12.5-78.5cm* (Malak &
Bell, 1994b); compared to 2.4-63.6cm’ in this study). The zones of elevated FMMI and
extreme altered morphology appear to be anatomically centred upon the internal os of the
cervix and, given their relationship with the site of the uterine incision, the former to

extend over the lower uterine segment of the lower uterine pole.

Since the a-smooth muscle actin-positive myofibroblastic phenotype of the chorionic
reticular layer was found to be most closely associated with adjacent thin decidua this
suggests that the cellular phenotype of the reticular layer may be dependent upon the
functional thickness of the underlying maternal decidua mediated by decidual-derived
paracrine factors. The region of extreme altered morphology is contained within a fraction
of the area of thin decidua. This therefore suggests that other factors are required, albeit
still requiring the presence of the differentiated myofibroblast phenotype in the chorion, to
act to produce the structural changes. This may also apply to other features of the extreme
morphology such as thinned cytotrophoblastic layer. It is possible that cervical effacement,
with the potential direct apposition of the cervical glands upon this zone, could act to
produce the extreme morphology. This may be supported by the observation that in six
patients in the present study mucoid material, presumed to represent cervical gland-derived
mucus, was adherent to the cellular surface of the fetal membranes of one or more biopsies

and these were in the middle of the area of extreme altered morphology.
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Figure 4.15. A diagrammatic representation of the changes in thickness ofthe fetal membrane layers along
an axis from midzone fetal membrane towards the internal os ofthe cervix. The first change is a decrease in
thickness of the decidua parietalis, leading to an elevation of the FMMI. This is followed by gradual
reduction in the thickness of the cytotrophoblast layer and increase in thickness of the connective tissue
layers (occurring in no defined order). A region of extreme altered morphology is defined where changes in
thickness of all component layers has occurred. Within this region, ‘mucus-associated’ fetal membranes are
present, with very thin cytotrophoblast layer, minimal/absent decidua parietalis, and a reduction in thickness
ofthe connective tissue layers (although not to the thickness of the midzone fetal membranes) and attached
layer of cervical mucus (M). Expression of a-sma within the reticular layer is most closely associated with a
reduction in thickness ofthe decidua parietalis to <45pm.
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The occurrence of myofibroblast differentiation and extreme altered morphology in all
fetal membranes examined in this chapter suggests that the variable results obtained from
fetal membranes obtained prior to labour in Chapter 3 arose due to inaccuracy of the
placement of the Babcock tissue forceps. The same technique in application of the
Babcock forceps was applied to fetal membranes obtained during labour in Chapter 3, yet
100% of these membranes exhibited regional myofibroblast differentiation and some
degree of altered morphology. Although this may have arisen by chance, it is possible that
the area of the fetal membrane affected by these features is increased in size during labour,
and is thus more likely to be sampled when a Babcock forceps is applied. However, since
90% of membrane biopsies adjacent to the Babcock forceps in this chapter exhibited
myofibroblast differentiation and altered morphology, it also suggests that a 'learning

curve’ in the placement of the Babcock forceps may have occurred.

Questions as to the potential mechanisms by which regional differences in fetal membrane
morphology and cellular phenotype, centred upon the internal os of the cervix, arise are
raised by this study and it is most likely that these would be linked with differences in
between the upper and lower uterine poles. The nature of the origin of the decidual
thinning is unlikely to arise directly as a feature of the internal os of the cervix. It is unclear
whether decidua is present directly over the internal os, and whether the amniochorion
fuses with it (Sadler, 1985; Moore & Persaud, 1998; Benirschke & Kaufmann, 2000).
However, the area represented by decidual thinning is substantially larger than the area
affected by other features of extreme altered morphology. It is possible that development
of the lower uterine segment by 38-39 weeks could have produced a shear plane in the
upper decidua underlying the fetal membranes surrounding the internal os to produce the
thin decidua. The areas of thicker decidua associated with the upper pole could have
therefore represented a deeper cleavage plane artificially produced by the manual removal
of the membranes at Caesarean section. However this zone could also reflect the situation
in vivo with a differential thickness of the decidua parietalis in the upper and lower uterine
poles, reflecting differential thickness in the endometrium from which the decidua arises,

and with which the amniochorion fuses during mid-pregnancy.

The decreased thickness of the cytotrophoblast layer associated with fetal membranes with
extreme altered morphology may arise either due to reduced proliferation of cells within
this layer, or alternatively due to increased cell death. The fusion of the amniochorion to

the underlying decidua parietalis, with proliferation of cytotrophoblast and attachment of
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chorion to decidua, may be related to the nature of the underlying decidua and nutrition
and paracrine factors obtained from it. The possibility that the decidua within the lower
uterine segment may be thinner than that in the upper uterine pole has already been
discussed. There is also evidence for a regional increase in apoptosis among cells of the
cytotrophoblast layer prior to labour at term (McLaren et al., 1999b).

It is possible that the regional myofibroblast differentiation and fetal membrane extreme
altered morphology develops during late pregnancy as a consequence of lower segment
development and cervical effacement. Distortion of the lower uterine segment may then
lead to disruption of feto-maternal interface in lower segment, involution of the decidua
parietalis, increased apoptosis of the cytotrophoblast and relative increased stretch of the
fetal membranes in this region. This may predispose the membranes within this region to

later rupture.

A region of extreme altered morphology and myofibroblast differentiation occurs in all
fetal membranes examined at 38-39 weeks prior to labour at term. Therefore work in future
chapters on prelabour fetal membranes will be carried out only on paired fetal membrane
biopsies that exhibit myofibroblast differentiation as detected by a-sma immunoreactivity
within the reticular layer.

4.6. Conclusions

e All fetal membranes examined prior to the onset of labour at term exhibit a region of
extreme altered morphology, localised to the area of membrane originating in the lower
uterine segment, centred upon the internal os of the cervix, and exhibiting large

variation in size. This may not be identified by a single ‘cervical’ biopsy.
e The characteristics of extreme altered morphology are increased thickness of the
connective tissue layers, and decreased thickness of the cellular layers, giving rise to a

marked increase in the Fetal Membrane Morphometric Index.

e Fetal membrane biopsies with attached cervical mucus were found in 6 out of 10 fetal

membranes, located in the centre of the area of extreme altered morphology. The fetal
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membrane biopsies with cervical mucus had significantly thinner connective tissue and

cellular layers than the surrounding biopsies with extreme altered morphology.

All fetal membranes examined prior to the onset of labour at term had a region of
increased a-sma expression within the cells of the chorion localised to the area of

membrane originating in the lower uterine segment, and centred upon the internal os of

the cervix.
The number of a-sma immunoreactive cells within the reticular layer of the chorion is

inversely related to the thickness of the underlying decidua parietalis, particularly
decidual thickness <45um.
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Chapter 5

Tenascin-C expression in human fetal membranes

5.1. Introduction

The results presented in Chapter 3 and Chapter 4 demonstrate regional changes in fetal
membrane structure, present prior to, during, and following labour at term. These changes
are associated with a-sma expression in the reticular layer of the chorion, consistent with
myofibroblast differentiation. It is known that in other organ systems myofibroblast
differentiation in the wound response is associated with tenascin-C (Tn-C) expression
(Camemolla ef al., 1996).

5.1.1. Tenascin-C structure

Tenascin-C is a high molecular weight hexameric glycoprotein (Figure 5.1a), also known
as hexabrachion (Erickson & Taylor, 1987), cytotactin (Grumet et al., 1985), J1 protein,
neuronectin (Siri ef al., 1991), and myotendinous antigen (Erickson & Taylor, 1987). Each
arm of the hexabrachion has a molecular weight from 190-300kDa (Jones & Copertino,
1996), and was originally described to consist of a cysteine-rich amino-terminal region,
14!/, EGF-like repeats, 8-15 fibronectin type III (Fn-III) domains, and a fibrinogen-like
domain at the carboxy-terminal end (Nies et al., 1991; Siri et al., 1991). Two additional
alternatively spliced Fn-III domains have subsequently been described, in association with
Tn-C expression in malignancy, designated AD1 (Sriramarao & Bourdon, 1993) and AD2
(Mighell et al., 1997) (Figure 5.1b). The gene encoding Tn-C is located on 9q32-q34
(Rocchi ef al., 1991). The relationship between the exons within the Tn-C gene and the

protein domains is illustrated in Figure S.1¢.

5.1.2. Tenascin-C function

Tenascin-C expression is highly restricted, and occurs during embryonic development, and
in normal and pathological adult tissues in situations of tissue remodelling and epithelial-
mesenchymal interaction (Koukoulis et al, 1991; Natali et al, 1991). Whilst it is
considered a prototype of the anti-adhesive matricellular proteins, along with osteonectin
and thrombospondin (Crossin, 1996), it has also had functions of promoting cell adhesion

ascribed to it. Different functions of Tn-C have been ascribed to different domains of the
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Figure 5.1.The tenascin-C hexamer is illustrated in (a). It comprises 6 protein monomers as in (b). The
protein domains are encoded by 27 exons. The relationship between the fibronectin type Ill-like repeats
(black numbers) and exons (blue numbers) is illustrated in (c).
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protein, for instance the counteradhesive properties have been mapped to the EGF-like
repeats, and the adhesive properties to the Fn-III repeats (Crossin, 1996). It may also
promote cell motility and regulate cell migration (Bartsch, 1996). Tenascin-C has been
demonstrated to induce expression of the MMP-1, MMP-3 (Tremble et al., 1994) and
MMP-9 (Tremble et al., 1994, Khan & Falcone, 1997).

5.1.3. Alternative splicing of tenascin-C

Alternative splicing of the Tn-C mRNA gives rise to different isoforms, by varying the
number of Fn-III domains (Figure 5.1b&c). It was initially considered that two major
isoforms of Tn-C existed: ‘large isoform’, with inclusion of all Fn-III domains, and ‘small
isoform’, with exclusion of Fn-III domains A-D. However, molecular biology studies have
demonstrated the occurrence of multiple different isoforms (Wilson et al., 1996, Mighell et
al., 1997).

Expression of alternatively-spliced isoforms may be regulated by TGF-f3;, which has been
demonstrated to preferentially upregulate expression of small isoform Tn-C (Zhao &
Young, 1995), and has also been demonstrated to be cell cycle (Borsi ef al., 1994) and pH
dependent (Borsi et al., 1995).

Splice variants of Tn-C may have specific functions, and are differentially expressed
during development and adult life. Large isoforms of Tn-C are expressed in association
with tissue remodelling (Kaplony et al., 1991), wound healing (Carmemolla et al., 1996),
tumour invasion (Borst ef al., 1992), and increased cell migration (Prieto et al., 1990), and
have been demonstrated to induce loss of focal adhesion and facilitate cell migration (Borsi
et al., 1994). Large isoforms of Tn-C are also more susceptible to degradation by MMP-2
and MMP-3, with digestion sites within the alternatively spliced region, although are
resistant to digestion by MMP-9 (Siri et al., 1995).

5.1.4. Tenascin-C in pregnancy

Tenascin-C expression has been described in the mesenchyme of placental villi, tissue with
the same embryological derivation as the mesenchyme of the fetal membranes. Within
placental villi, Tn-C was localised beneath fibrin deposits, sites of villous wounding, and in

the stroma adjacent to cytotrophoblast cell islands and anchoring villus cell columns, sites

136



of cellular proliferation and differentiation (Castellucci et al., 1991; Damsky et al., 1992).
It has also been described in the stroma of placental villi that had been wounded in vitro
(Watson et al., 1996). Tenascin-C expression has been described within the reticular layer
of the chorion, with a qualitative description suggesting an association with fetal
membrane altered morphology (Malak, 1995). The cellular origin of this has not been
described, although in vitro studies suggest that the amniotic epithelium is able to produce
Tn-C (Linnala et al., 1993), which may be detected in amniotic fluid (Linnala et al., 1994).

The expression of Tn-C during wound healing, the association with myofibroblast
differentiation, ability to upregulate MMP expression, and reports of expression within the
reticular layer of the fetal membranes suggest a possible association between Tn-C
expression and extreme altered morphology in the fetal membranes. If Tn-C expression
were upregulated in association with altered morphology, the upregulation of specific
isoforms, especially large isoforms, may suggest specific functions of Tn-C, in particular
with respect to generation of altered morphology.

5.2. Aims

e To establish whether tenascin-C mRNA and protein are expressed in term fetal

membranes.

e To determine the distribution of tenascin-C protein and the nature of the cells
producing mRNA in the fetal membranes.

e To determine whether regional changes in tenascin-C protein and mRNA expression

exist.

e To determine whether large isoforms of tenascin-C mRNA are expressed in the fetal

membranes, and to establish whether any regional patterns of isoform expression exist.

e To examine any association between tenascin-C protein and mRNA expression and o~

sma immunoreactivity.
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5.3. Materials and Methods

5.3.1. Tissue samples

Fetal membrane samples were obtained at term prior to labour (n=19), during labour (n=5)
and following labour and delivery (n=8) as previously described (2.1.1.). The restricted
area of tissue taken, to ensure accurate mapping, meant that in some cases different tissue
samples were used for different techniques. Following the results obtained in Chapter 4,
which demonstrated that all pre-labour fetal membranes at term exhibited extreme altered
morphology overlying the cervix in association with myofibroblast differentiation, only
pre-labour ‘cervical’ fetal membrane biopsies exhibiting a-sma immunoreactivity within

the reticular layer were used in this chapter.

5.3.2. Immunochistochemistry

Immunohistochemistry for tenascin-C was carried out on formalin-fixed wax-embedded
tissue samples using monoclonal antibodies BC24 and TN2, and a polyclonal antiserum,
and on cryostat tissue sections using monoclonal antibodies T2HS and «llIB (2.3.).
Immunohistochemistry for a-sma (clone 1A4) and endothelial marker anti-CD31 (clone

JC/70A) was carried out to assist with the identification of cell types (2.3.).

5.3.3. SDS-PAGE and Western blotting

Fetal membrane extracts from paired whole fetal membrane biopsies obtained prior to
(n=3), during (n=3), and following (n=5) labour at term, and from paired ‘superscraped’
(2.1.1.4.) fetal membrane biopsies (n=5) were separated on 6% polyacrylamide gels and
transferred to nitrocellulose as previously described (2.4.). Monoclonal antibody T2HS was
used to detect tenascin-C using enhanced chemiluminescence (2.4.5.). The resultant bands

obtained with T2HS were quantified using Scion Image™ (2.8.2.).

5.3.4. RT-PCR

RNA was extracted from 5 paired ‘cervical’ and midzone fetal membrane biopsies
obtained prior to labour at term, and from the connective tissue layers only from a further 5
pairs of ‘cervical’ and midzone prelabour fetal membrane biopsies (2.1.). The RNA was
subjected to RT-PCR using primers to tenascin-C and to GAPDH at previously determined
optimal cycle numbers (2.5.). The PCR products were separated on an agarose gel, and the
bands on the captured image of the gel quantified using Scion Image™ (2.8.2.). For semi-
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quantification of tenascin-C mRNA, the value obtained for the tenascin-C band was
standardised with reference to the GAPDH value.

5.3.5. In situ hybridisation

Probes to detect tenascin-C mRNA in situ were synthesised by RT-PCR amplification of
defined regions of the tenascin-C gene, employing mRNA extracted from SK-MEL-28
cells. Templates were used in an ‘asymmetric’ PCR reaction incorporating digoxigenin to
produce single stranded antisense DNA probes to detect all isoforms of tenascin-C,
speciﬁc large isoforms, and the ‘totally spliced’ small isoform (2.6.3. & 2.6.4.). In situ
hybridisation was carried out on formalin-fixed wax-embedded paired ‘cervical’ and
midzone fetal membrane biopsies obtained prior to labour at term (n=S) as previously
described (2.6.5.).

5.3.6. Image analysis

The area of connective tissue expressing immunoreactivity to monoclonal antibody BC24
was measured in ten fields per fetal membrane biopsy, and expressed as a percentage of the
total connective tissue area (2.8.1.3.). The numbers of mRNA positive cells in the reticular
layer were counted in 10 fields per biopsy (2.8.1.2.).

5.3.7. Statistical analysis

The methodology used to compare areas of tenascin-C immunoreactivity and numbers of
in situ positive cells, to correlate different parameters, and to analyse data obtained from
Western blots and by RT-PCR are described in section 2.9.

5.4. Results

5.4.1. Tenascin-C protein expression
5.4.1.1. Tenascin-C immunolocalisation

Examination of paired fetal membrane biopsies from 22 patients (9 pre-labour, 5 labour, 8
post-labour; 3 out of the 8 post-labour fetal membranes had the amnion missing)
demonstrated tenascin-C immunoreactivity in a number of sites (Figure 5.2). The most

prominent immunoreactivity was detected within the extracellular matrix of the reticular

139



100pm

50pm

Figure 5.2. Tenascin-C immunoreactivity within the fetal membranes (a). The main sites of

immunoreactivity are the reticular layer (R), amniotic connective tissue (A), degenerate villi (DV), between
cytotrophoblast cells (C), at the cytotrophoblast-decidual interface (C-D), and around structures within the
decidual (D). Occasionally patches of immunoreactivity are observed along the amniotic basement
membrane (b). hnmunohistochemistry with an endothelial cell marker on a serial section confirms that the
Tn-C immunoreactive structures within the decidua are blood vessels (c).

140



layer, where it was detected to some degree in all biopsies examined. It varied from a
single small patch, to diffuse patches, to intense staining throughout the layer along the
whole length of the membrane biopsy. Immunoreactivity within this layer was commonly
most intense toward the pseudobasement membrane. More rarely diffuse patches were
detected within the amniotic connective tissue layers, the compact and fibroblast layers (it
was completely absent in 10 out of 19 midzone biopsies, and 4 out of 19 ‘cervical’/rupture
line biopsies). In 22 out of 38 biopsies it was detected as thin deposits along the amniotic
basement membrane (Figure 5.2b). Immunoreactivity within the cytotrophoblast layer
appeared as intense thin streaks between cells, horizontally along the membrane (observed
in 40 out of 44 biopsies), and in the extracellular matrix of degenerate villi (in 20 out of 44
biopsies) (Figure 5.2a). Intense lines of immunoreactivity were detected within the
decidua attached to the amniochorion, associated with the walls of sinusoidal vascular
structures (identified by immunohistochemical staining of serial sections with the
endothelial marker, against CD31; Figure 5.2c¢). More diffuse immunoreactivity was
detected at the cytotrophoblastic-decidual interface associated with areas of fibrinoid
deposits (25 out of 44 biopsies) (Figure 5.2a).

These patterns of immunoreactivity were detected with all 4 monoclonal antibodies (clones
BC24, TN2, T2HS and ollIB) and with polyclonal antiserum (Figure 5.3a-e¢). The
occurrence of immunoreactivity with allIB indicates the presence of tenascin-C isoforms

containing protein encoded by alternatively spliced exon 14.

5.4.1.2. Regional differences in tenascin-C immunolocalisation

Subjective assessment of the tenascin-C immunoreactivity appeared to indicate regional
variation in staining (Figures 5.4 & 5.5). A method of assessing the degree of
immunoreactivity was therefore developed (2.8.1.3.). Differences in staining intensity and
in area affected were noted. The area of connective tissue positive above a threshold was
used as an indirect method of assessing immunoreactivity. This was expressed as a
percentage of the total area of the layer being examined (per computer screen width), as,

by definition, thicker connective tissue layers may give larger immunoreactive areas.

Regional variation in the proportion of the reticular layer immunoreactive for tenascin-C
was demonstrated. The percentage of the reticular layer immunoreactive was 2.0-fold

higher in ‘cervical’ biopsies compared to midzone biopsies obtained prior to labour, 2.7-
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Figure 5.3a-c. Immunohistochemistry for tenascin-C on adjacent sections of formalin-fixed fetal membrane
using monoclonal antibodies BC24 (a), and TN2 (b), and polyclonal antiserum (c). All three antibodies
demonstrate immunoreactivity within the amniotic connective tissue (A), the reticular layer (R), the
degenerate villus (DV) and the cytotrophoblast-decidual interface (C-D).
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Figure 5.3d-e. Immunohistochemistry on cryostat sections of the same fetal membrane sample using
monoclonal antibodies T2HS (d), and alllB (e). Both antibodies demonstrate immunoreactivity within the
amniotic connective tissue (A), the reticular layer (R), between cytotrophoblast cells (C), and at the
cytotrophoblast-decidual interface (C-D).
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Figure 5.4. Tenascin-C immunohistochemistry on midzone fetal membranes, demonstrating the range of
extent of reticular layer immunoreactivity (R), from absent/minimal (a), to patchy staining predominantly
adjacent to the pseudobasement membrane (b), to intense immunoreactivity throughout the reticular layer
(¢). No biopsy was completely negative for Tn-C immunoreactivity within the reticular layer.
Immunoreactivity is also observed within a degenerate villus (DV), within the amniotic connective tissue
layers (A), between cytotrophoblast cells (C), and at the cytotrophoblast-decidual interface (C-D).
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Figure 5.5. Tenascin-C immunoreactivity in fetal membranes with altered morphology. Uniform
immunoreactivity within the reticular layer (R) is observed (a&b), with amniotic connective tissue (A)
staining in some biopsies (b).
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fold higher in ‘cervical’ biopsies compared to midzone biopsies obtained during labour,
and 2.8-fold higher in rupture line biopsies compared to midzone biopsies obtained
following labour and delivery. (Figure 5.6). There were no significant differences in the
percentage immunoreactive area between physiological groups of patients in the respective
biopsy sites.

When all biopsy data was grouped, the percentage of the reticular layer immunoreactive
for tenascin-C positively correlated with the thickness of the reticular layer (Spearman
r=0.552, p=0.0001), the total connective tissue thickness (Spearman r=0.596, p=0.0003),
and inversely with the total thickness of the cellular layers of the fetal membrane
(Spearman r=-0.530, p=0.0005).

Overall no significant differences in amniotic connective tissue immunoreactivity between
regions or between patient groups were seen (Figure 5.6). Areas of immunoreactivity were
low, with only 3 out of 19 patients with greater than 10% amniotic connective tissue
immunoreactivity (in the ‘cervical’/rupture line biopsy). However, 7 patients had
significantly greater areas of immunoreactivity in the ‘cervical’ or rupture line biopsy
compared to the midzone (5 out of 9 pre-labour, 1 out of 5 labour, 1 out of 5 post-labour),
and only 1 had significantly greater area in the midzone compared to ‘cervical’/rupture line
(post-labour patient). The percentage amniotic connective tissue immunoreactivity
correlated significantly with the percentage reticular layer immunoreactivity (Spearman
r=0.748, p<0.0001) and with the amniotic connective tissue thickness (Spearman r=0.543,

p=0.001).

5.4.1.3. Relationship to a-sma expression

Comparison of serial sections did not demonstrate an absolute association between areas of
tenascin-C immunoreactivity and a-sma immunoreactive cells in either the reticular layer
or the amniotic connective tissue layers within individual biopsies. Although in many areas
the two coincided, areas of tenascin-C immunoreactivity were seen in the absence of a-
sma immunoreactive cells, and o-sma immunoreactive cells were seen in the absence of
tenascin-C immunoreactivity. (Figure 5.7). However, biopsies with largest areas of
tenascin-C immunoreactivity in the reticular layer were also those with highest numbers of
o-sma immunoreactive cells, as demonstrated by a significant correlation between the

tenascin-C percentage immunoreactive area and the number of a-sma immunoreactive
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Figure 5.6. Percentage area immunoreactive for monoclonal antibody BC24 in the amniotic connective
tissue (a) and reticular layer (b) in fetal membranes obtained before, during and after labour at term. The
graphs show the mean and SEM derived from 10 fields from each biopsy, with lines connecting the data
points from individual patients. The mean and SEM (derived from the total 50 observations) for each group
are shown beneath the graphs. Comparisons between biopsy sites and physiological group were using two
way ANOVA and Scheffes test. Significant p-values are in bold. All comparisons between physiological
groups were non-significant.
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Figure 5.7. Immunohistochemistry for a-sma (a&c) and tenascin-C (b&d) in serial sections (a&b, c&d) of
fetal membrane, (a&b) A patch of Tn-C immunoreactivity is observed in the reticular layer in the absence
of significant numbers of a-sma positive cells (c&d). Intense Tn-C immunoreactivity is observed in the
reticular layer and in the fibroblast layer, in association with high numbers of a-sma immunoreactive cells
within these layers.
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cells (data from all patient groups pooled, 22 pairs of biopsies; Spearman r=0.774,
p<0.0001).

5.4.1.4. Tenascin-C immunoreactivity on a fetal membrane map

Tenascin-C immunohistochemistry with monoclonal antibody BC24 was carried out on a
representative fetal membrane map obtained prior to labour at term. Fetal membrane
biopsies containing the highest reticular layer percentage immunoreactivity were
demonstrated clustered around the internal os of the cervix (Figure 5.8).

Within the biopsies obtained from this single patient (n=28), tenascin-C reticular layer
percentage immunoreactivity correlated positively with the reticular layer thickness
(Spearman r=0.689, p=0.0003), total connective tissue thickness (Spearman r=0.820,
p<0.0001), and reticular layer a-sma cell count (Spearman r=0.657, p=0.0006), and
inversely with the total cellular thickness (Spearman r=-0.439, p=0.0226). The
correspondence of fetal membrane morphology parameters, a-sma cell count, and
tenascin-C immunoreactivity along the longitudinal axis of this map is illustrated in Figure
59.

5.4.1.5. Characterisation of tenascin-C protein

Western blotting of extracts of whole fetal membranes (n=3 paired pre-labour ‘cervical’
and midzone) using monoclonal antibody T2H5 demonstrated multiple bands, with major
bands at 260-295 kDa, 210-220 kDa and 190-205 kDa, and minor bands at 225-260 kDa
and 165-180 kDa (sizes derived from examination of 3 Western blots, Figure 5.10a).
Examination of the banding patterns obtained from ‘superscraped’ fetal membranes (n=3
paired pre-labour ‘cervical’ and midzone) demonstrated major bands at 270-280 kDa and
210-220 kDa and minor bands at 230-240 kDa and 170-180 kDa (three Western blots
examined, Figure 5.10b). No consistent difference in banding patterns was noted in
extracts from different anatomical sites and patient groups on examination of banding
patterns of homogenates from both whole and ‘superscraped’ fetal membranes.

5.4.1.6. Regional differences in levels of extracted tenascin-C

Western blotting and densitometry of extracts of whole fetal membranes obtained prior to
the onset of labour (n=3), during labour (n=3) and following spontaneous labour and
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Figure 5.8. A representative fetal membrane map (patient 282), obtained prior to labour at term, with
measured 3cm biopsies radiating out from the internal os of the cervix to the placental edge. The biopsies
are shaded to demonstrate the distribution of the reticular layer percentage tenascin-C immunoreactivity,
with the percentage immunoreactivity for each individual biopsy shown. The biopsies with the greatest
immunoreactivity are centred upon the internal os ofthe cervix.
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Figure 5.9. Graphs demonstrating fetal membrane morphology, reticular layer a-sma count, and reticular
layer tenascin-C percentage immunoreactivity in biopsies taken along the longitudinal axis of a fetal
membrane map. (As in Figure 5.4). Maximal tenascin-C immunoreactivity is demonstrated in biopsies with
the highest a-sma cell count, greatest connective tissue thickness, and least cellular thickness. These
biopsies cluster around the position ofthe Babcock tissue forceps.
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Figure 5.10. Western blots of fetal membrane protein extracts using monoclonal antibody clone T2HS5
against tenascin-C (a, c&d). Multiple bands are detected (a). A paired blot incubated with an equivalent
concentration of mouse IgG demonstrates the lower 3 bands to be non-specific (b). The group of specific
Tn-C bands are marked (a). Multiple bands are detected in extracts from whole fetal membrane (c), and
from the connective tissue layers only (d) (non specific bands cropped off images ¢ & d). Sizes of bands
(kDa) are indicated (minor band sizes in brackets). Not all bands detected are apparent in the blots shown.
Lanes containing molecular weight markers (M) are included, and sizes shown.
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delivery’ (n=5) demonstrated no differences in band intensity between biopsy sites or
between patient groups. When the data from all groups was pooled, the ‘cervical’/rupture
line biopsy extracts gave a band with an average 2.5-fold higher densitometry value than
the mid-zone biopsies, but this failed to reach significance (Figure 5.9, p=0.23). The
densitometry values did however correlate significantly with the reticular layer percentage
immunoreactive tenascin-C (P~0.418, p=0.0012), and the fetal membrane morphology
(reticular layer thickness r*=0.283, p=0.011; FMMI r’=0.341, p=0.0043).

It was considered that the results of the experiments obtained by homogenising whole fetal
membrane may not reflect those seen by immunohistochemistry, as the fetal membrane
biopsies had widely varying thickness of attached maternal decidua, which would
contribute to the total protein extracted from the membrane. The results from the whole
fetal membrane, however, suggested a trend towards higher tenascin-C in ‘cervical’ and
rupture line biopsies, with no effect of patient group (Figure 5.11b). Extracts were
therefore prepared from paired ‘cervical’ and midzone fetal membrane biopsies obtained
prior to labour at term (n=5), from which the ‘cellular layers’ of the membrane had been
removed (2.1.1.4.). These demonstrated significantly higher tenascin-C densitometry
values in “cervical’ biopsies compared to their paired midzones (Figure 5.11¢). This result
is consistent with the immunohistochemistry results (5.4.1.2.).

5.4.2. Tenascin-C mRNA expression

5.4.2.1. Localisation and distribution of mRNA positive cells

Paired ‘cervical’ and midzone fetal membrane biopsies obtained prior to the onset of
labour at term were examined employing probes to tenascin-C. Specificity was confirmed
by the absence of signal when either sense probes were employed, or sections were pre-
treated with RNase (Figure 5.12a-d). mRNA positive cells were identified within the
 reticular layer of the fetal membranes, particularly located toward the pseudobasement
membrane (Figure 5.12 e-f), more rarely in the fibroblast layer, in the cores of degenerate
villi, and in the walls of sinusoidal vascular structures within the decidua (Figure 5.12i-j).

Tenascin-C mRNA positive cells were always detected in, and embedded within, reticular
layer areas and specimens exhibiting the highest intensity tenascin-C immunoreactive
matrix (Figure 5.13). They were found in sections exhibiting high numbers of a-sma
positive cells within the reticular layer, and serial sections indicated that mRNA positive

153



O

40000

35000

75 30000 Midzone
>
>< 25000
£ 20000 ‘Cervical’
X 15000
(A
£ 10000

5000

40 60 80 100

Protein loading (pg)

1.6 35000
Whole fetal membrane ‘Superscraped’ fetal
membrane
30000
p=0.23
12
25000
20000
0.8
15000
0.6
10000
0.4
0.2
Midzone ‘Cervical” Midzone ‘Cervical’

Rupture line

Figure 5.11. Relative densitometry values of immunoblotted tenascin-C from fetal membrane homogenates.
(a) A titration curve of protein loading using a representative pair of fetal membranes. Protein loading of
50lig was chosen for subsequent experiments, as it lay on the linear part of the curve, (b) Relative
densitometry values of immunoblotted tenascin-C from homogenates of whole fetal membranes obtained
prior to, during, and following labour at term (Data pooled from 2 Western blots. Densitometry values
therefore expressed relative to a known standard on each blot), (¢) Densitometry values of immunoblotted
tenascin-C from homogenates of ‘superscraped’ fetal membranes obtained prior to labour at term (Data
from a single blot, absolute densitometry values plotted). Lines join the data from paired membranes from
an individual patient. Comparisons between biopsy sites and physiological group were using paired t-test
(whole fetal membranes) and Mann-Whitney U test (‘superscraped’ fetal membranes). Significant p-values
are shown in bold.
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Figure 5.12a&b. In situ hybridisation using a probe to all isoforms for tenascin-C, demonstrates positive
cells within the reticular layer of a fetal membrane with altered morphology (a). No positivity is detected in
a serial section ofthe same fetal membrane incubated with a sense control probe (b).
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Figure 5.12¢&d. In situ hybridisation using a probe to all isoforms oftenascin-C demonstrates positive cells
within the reticular layer of a fetal membrane with altered morphology (¢). No positive cells are identified
on a serial section of the same fetal membrane pre-treated with RN Ase prior to incubation with the same

probe (d).
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Figure 5.12e-g. In situ hybridisation using a probe to all isoforms of tenascin-C demonstrates rare positive
cells within the reticular layer ofa midzone fetal membrane (e), greater numbers ofpositive cells within the
reticular layer of a fetal membrane with altered morphology (f), and numerous positive cells in the
mesenchymal cells ofthe umbilical cord, used as a positive control tissue (g).
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Figure 5.12h-j. In situ hybridisation using a
probe to all isoforms of tenascin-C demonstrates
positive cells within a degenerate villus (h), and
within the wall of a vascular sinusoidal structure
within the decidua parietalis (i&j).
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Figure 5.13. In situ hybridisation using a probe to all isoforms oftenascin-C (a) and immunohistochemistry
for tenascin-C (b) on serial sections of fetal membrane. Numerous mRNA positive cells are present within
the reticular layer (examples highlighted with arrowheads), and intense immunoreactivity is present
throughout the matrix ofthe reticular, fibroblast and compact layers.
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cells were always a-sma positive, although only a fraction of the latter cells were mRNA
- positive (Figure 5.14).

Positive cells within the fibroblast layer were less frequent. A direct relationship between
mRNA positive cells and a-sma immunoreactive cells could not be demonstrated on serial
sections (Figare 5.14). Tenascin-C mRNA positive cells in the fibroblast layer were only
found in ‘cervical’ biopsies, never in midzone biopsies.

5.4.2.2. Tenascin-C mRNA quantification

The number of cells expressing total tenascin-C mRNA (identified with a probe against
exon 2 and exons 25-27) within the reticular layer were counted in fetal membranes
obtained prior to labour at term (n=5). Significantly higher numbers of mRNA positive
cells were identified within the reticular layer of ‘cervical’ fetal membrane biopsies
compared to their paired midzone biopsies (1.8 vs. 0.06 cells per computer screen width,
p=0.028, Figure 5.15). However, the proportion of vimentin immunoreactive cells in this
layer expressing tenascin-C mRNA was low (5.7% vs. 0.23%).

As tenascin-C mRNA was predominantly observed within cells of the reticular layer, semi-
quantitative RT-PCR of tenascin-C mRNA was carried out on RNA extracted from the
connective tissue layers only of the fetal membranes (n=5). If RNA were extracted from
the whole fetal membrane, the vast majority of the RNA would derive from the highly
cellular cytotrophoblast and decidual layers, diluting the RNA of interest. Using primers to
exons 25 and 27 to detect total tenascin-C mRNA, no difference was detected in band
intensity between “cervical’ and midzone biopsies (Figures 5.16 & 5.17).

5.4.2.3. Tenascin-C mRNA isoforms

RT-PCR of ‘cervical’ and midzone RNA pairs using primers to exons 8-14, 14-18 and 8-
18, to span the alternatively spliced exons, was performed on RNA extracted from the
connective tissue layers of fetal membranes with and without altered morphology.
However, RNA extracted from these membranes was heavily DNA contaminated, and
required treatment with DNase (2.5.8.). RT-PCR of the resultant RNA preparations did not
demonstrate the presence of any bands above the smallest possible for the reaction being
performed. This was presumed to be due to insufficient quantities of RNA present, as the

smallest PCR product would always be amplified preferentially, and with the greatest
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Figure 5.14. In situ hybridisation using a probe against all isoforms of tenascin-C (a) and
immunohistochemistry for a-sma (b) on serial sections of fetal membrane. The Tn-C mRNA positive cells
are all a-sma immunoreactive. Examples are highlighted with circles.
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Figure 5.15. Numbers of cells positive for total tenascin-C mRNA in the reticular layer of fetal membranes
obtained prior to labour at term (expressed per computer screen width). The graphs show the mean and
SEM derived from 10 fields from each biopsy, with lines connecting the data points from individual
patients. The mean and SEM (derived from the total 50 observations) for each group are shown beneath the

graphs. Comparisons are made between midzone and ‘cervical’ biopsies using paired t-test. Significant p-
values are shown in bold.
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Figure 5.16. RT-PCR using primers against exons 25 and 27 of tenascin-C, to amplify all isoforms, on
RNA extracted from fetal membranes. A band of 315 base pairs is amplified, and no band is detected in
control reactions prepared in the absence (-) of reverse transcriptase (a). 100 base pair ladder is in lane M.
A titration curve demonstrates increasing band intensity, with no evidence of a plateau as cycle number
increases (b). Visual inspection of gels suggested that bands were frequently not visible at less than 40
cycles of amplification. 40 cycles were therefore used for subsequent experiments.
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Figure 5.17. Densitometry values of total tenascin-C RT-PCR bands obtained using primers to exons 25
and 27, relative to GAPDH, using RNA extracted from ‘superscraped’ fetal membranes. Lines connect data
from paired samples from a single patient. Comparison made using Mann-Whitney U test.
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efficiency, when multiple isoforms are present. The RNA from these preparations required
amplification for 33-35 cycles with GAPDH primers to reveal a band, again suggesting

RT-PCR using primers to 8-14, 14-18, and 8-18 was similarly performed on RNA
extracted from whole fetal membranes with and without altered morphology, and did not
demonsﬁutamy regional fetal membrane isoform pattern (Figure 5.18). However, the
RNA extracted from these preparations may be considered to arise predominantly from
different cell types due to the different underlying structure and cellular composition of the

Tenascin-C mRNA was detected using probes against exon 2 encoding the conserved
EGF-like repeats, and exons 25-27 encoding the conserved fibrinogen-like region. Probes
against exons 9-11 and 14-18 were used to detect isoforms containing exons within the
alternatively spliced region, and a probe generated against exons 8-18 to detect ‘small
isoform’ totally spliced tenascin-C mRNA. Positive cells were identified with all probes
within the reticular layer of the chorion. (Figure 5.19a-d).

5.5. Discussion

Tenascin-C was immunolocalised to the connective tissue layers of the amnion and
chorion, with regional differences in expression, unrelated to the onset of labour, within the
reticular layer of the chorion. Immunoreactive Tn-C was also 'detected between
cytotrophoblast cells, along the amniotic basement membrane, at the chorio-decidual
interface, and around blood vessels in the decidua, with no regional pattern of expression.
The expression at the chorio-decidual interface commonly occurred in association with
-fibrin deposition, and may reflect a type of wound response. Immunoreactivity within
degenerate villi, outgrowths of the reticular layer, is consistent with reported expression
within wounded villi in the placenta (Castellucci et al., 1991). Expression of Tn-C has
previously been reported around blood vessels (Mackie et al., 1992), and along the
amniotic basement membrane, albeit on the chorionic plate of the placenta (Castellucci et
al., 1991).

The expression of lesser amounts of Tn-C within the connectiyg tissue layers of the amnion

compared to the reticular layer of the chorion may be related to the different nature of the
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Figure 5.18. Agarose gel electrophoresis of reverse transcription polymerase chain reaction products from
RNA preparations from whole fetal membranes obtained prior to labour at term. The exons contained within
the products are shown in the diagrams to the right (from Bell et al, 2000). The shaded box represents
inclusion of a partial exon (Bell et al, 2000). Primers to exons 8 and 18 are were used to amplify across the
whole alternatively spliced region. Only isoforms containing alternatively spliced exon 16 were
demonstrated (a). However, using primers within the alternatively spliced regions, numerous other isoforms
can be demonstrated (b, ¢). Lanes 1, 3, 5, 7 and 9 are from ‘cervical’ fetal membrane biopsies, and lanes 2,
4, 6, 8 and 10 from midzone fetal membrane biopsies. No consistent pattern of isoforms is seen associated
with biopsy site. Lane M contains 100 base pair DNA markers.
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Figure 5.19a-c. In situ hybridisation to tenascin-C isoforms, using probes to all isoforms of Tn-C (a), and to
large isoforms of Tn-C (exons 9-11 (b) and exons 14-18 (c)) on serial sections of fetal membrane.
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Figure 5.19d. In situ hybridisation against small isoform Tn-C (excluding all alternatively spliced Fn-III
exons) demonstrating mRNA positive cells within the reticular layer ofthe fetal membrane.
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cells, which are desmin-negative (Chapter 3). However, regional Tn-C expression may be
induced in the amnion, before, during, and after labour, as observed in one patient from
each group. This suggests that the cells have the ability to produce Tn-C, although may
require greater stimulus to do so.

Tenascin-C mRNA production was detected in the fibroblasts of the amnion, and the
myofibroblasts of the reticular layer. Production of Tn-C is a recognised feature of the
myofibroblast in the wound response (Powell ef al., 1999). Rare mRNA positive cells were
also detected around the blood vessels of the decidua, although they were not observed

within cells of the cytotropheblast layer.

Although regional differences in Tn-C protein expression were detected by
immunohistochemistry and by Western blotting, and in mRNA expression by in situ
hybridisation, no differences in mRNA expression were detected using RT-PCR. This may
be due to technical difficulties, or may reflect the properties and expression pattern of the
mRNA being examined. RT-PCR was performed on RNA extracted from the connective
tissue layers only, to ensure that mRNA from comparable tissues were examined. A
propbrtion of the cells present will be epithelial cells, which may affect the results.
However, difficulties in the technique for RNA extraction from the connective tissue layers
lead to reduction in the mRNA available for examination. The Tn-C PCR was performed at
40 cycles, at the limits of accuracy of the technique, and may not thus be considered
quantitative. However, PCR amplification of RNA summates the RNA present in all cells,
whereas in situ hybridisation only detects cells with mRNA above a threshold. Thus the
presence of a large number of cells with lesser amounts of mRNA may not be detected by
in situ hybridisation, but may give significant bands when amplified by PCR. Possible
reasons for the lack of correspondence between mRNA and protein expression are as
- discussed with relation to a-sma in Chapter 3 (3.5.).

Expression of different isoforms of Tn-C was examined by Western blotting, in situ
hybridisation, and by RT-PCR. Early work on Tn-C suggested the presence of only two
isoforms; ‘large’ isoform, and ‘small’ isoform, with expression of ‘large’ isoform
associated with tissue wounding and remodelling. Subsequent molecular biology studies
suggest a far more complex picture, with the presence of multiple different isoforms
(Wilson et al., 1996; Mighell et al., 1997; Vollmer et al., 1997; Bell et al., 1999,
Latijnhouwers et al., 2000). A number of the alternatively spliced exons encode for regions
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with specific functions, thus expression of different isoforms may have functional
significance. Expression of larger isoforms of Tn-C has been associated with malignant
compared to benign ovarian tumours (Wilson et al., 1996), and expression of Tn-C
containing exons 14 and 16 with invasive potential of breast tumours (Adams ef al., 2002).
However, increased expression of Tn-C in psoriasis, epidermal tumours, and wounding
was not associated with upregulation of specific isoforms (Latijnhouwers ef al., 2000). The
major isoforms described within fetal membranes are those with complete exclusion of the
alternatively spliced exons, inclusion of exon 16, and inclusion of exons 10-14 and 16,
including or excluding exon 12 (Bell et al, 1999). Exon 12 contains the site for
susoeptibility to cleavage by MMP-2 and MMP-3, thus providing potential functional
significance (Siri et al., 1995). Expression of small isoform Tn-C (excluding all
alternatively spliced exons), and a number of large isoforms of Tn-C were detected in the
connective tissue layers of the fetal membranes in this study. However, screening of the
fetal membrane samples with and without altered morphology did not suggest upregulation
of specific isoforms.

The amount of immunoreactive Tn-C detected correlated to the number of cells
immﬁnoreactive for a-sma. However, there did not appear to be an absolute direct
relationship between a-sma and Tn-C protein expression when serial sections were
examined. It is possible that this is related to temporal differences in expression and
differences in degradation of proteins. The mRNA positive cells were not necessarily a-
sma positive cells. mRNA expression was not necessarily co-localised with protein
expression, although this phenomenon is well recognised, and may be related to temporal
differences in tenascin-C mRNA and protein expression. Alternatively o-sma expression
may not be required for production of Tn-C, but production of both proteins independently
controlled, either by the same or by different regulatory factors.

5.6. Conclusions

e Tenascin-C protein has been demonstrated in the fetal membranes, and was primarily
localised in the extracellular matrix of the connective tissue layer of the amnion and
chorion, and was also demonstrated at the chorio-decidual interface, between
cytotrophoblast cells, around blood vessels in the decidua, and rarely in patches along
the amniotic basement membrane.
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Tenascin-C mRNA is produced by myofibroblasts in the reticular layer of the chorion,
and by fibroblasts in the amnion, as demonstrated by in situ hybridisation.

Regional increased expression of tenascin-C protein and mRNA was demonstrated
within the reticular layer in fetal membrane biopsies obtained from overlying the cervix

prior to and during labour, and from the rupture line following labour and delivery at
term.

Tenascin-C protein expression was confirmed by Western blotting of fetal membrane
_protein extracts, and the regional increase in protein expression within the connective
tissue layers in fetal membranes overlying the cervix prior to labour confirmed.

Tenascin-C mRNA was amplified by RT-PCR, but this technique was unable to
confirm the regional difference in mRNA expression in total RNA extracted from fetal
membranes that had been demonstrated in tissue sections by in situ hybridisation.

Expression of numerous isoforms of tenascin-C, both large and small, was confirmed

by Western blotting, in situ hybridisation and RT-PCR. No regional pattern of isoform
expression was observed. |
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Chapter 6
Osteonectin expression in human fetal membranes

6.1. Introduction

The work presented in Chapter 3, demonstrated regional myofibroblast differentiation
within the reticular layer of the fetal membranes. The expression of a-sma by these cells is
associated with structural changes within the fetal membranes, and expression of the
matricellular protein tenascin-C (Chapter 5). Myofibroblast differentiation and tenascin-C
expression are characteristic features of wound repair (Clark, 1996). A recent paper
reported the expression of osteonectin by liver myofibroblasts during fibrosis (Blazejewski
et al., 1997). This matricellular protein is expressed by fibroblastic cells in the mid to late
stages of wound repair (Reed ef al., 1993). It is expressed in tissues undergoing matrix
remodelling and repair, and has been shown to regulate matrix metalloproteinases and the
inhibitor plasminogen activator inhibitor-1 (Reed & Sage, 1996). It was therefore
considered that it may be expressed in the fetal membranes, and indeed may play a key
role in the development of the regional structural alterations previously described.
Therefore this chapter examines the regional expression of osteonectin, and its relationship
to myofibroblast differentiation and regional structural changes in the fetal membranes.

6.1.1. Osteonectin protein

Osteonectin is a matricellular protein, also known as SPARC (Secreted Protein Acidic and
Rich in Cysteine), BM-40, and 43K protein. It was first isolated as a major noncollagenous
constituent of bone (Termine et al., 1981), and subsequently found to be identical to a 43K
protein synthesised in vitro by endothelial cells and fibroblasts (Motamed ef al., 1996). The
amino acid sequence predicts a protein with a mass of 32,517 Da, although glycosylation
results in a secreted glycoprotein with an apparent size of 40-44 kDa by SDS-PAGE (Lane
& Sage, 1994).

Osteonectin cDNA encodes a 286 amino acid Ca?* binding protein (Lankat-Buttgereit et
al., 1988), with 4 functional domains. Domain I is highly acidic and binds Ca**, domain II
is cysteine-rich and contains Cu®* binding sites, domain III contains a protease sensitive
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site, and domain IV contains a Ca®" binding site and mediates collagen binding (Lane &
Sage, 1994; Motamed ef al., 1996).

Osteonectin is encoded by a single copy gene on chromosome 5q31-33 (Swaroop et al.,
1988). The gene has ten exons and exhibits a high degree of homology between species.
There is no evidence for variants arising from alternative splicing (Lane & Sage, 1994;
Motamed et al., 1996). Protein domain I is encoded by exons 3 and 4, domain II by exons
5 and 6, domain III by exons 6 and 7, and domain IV by exon 9 (Lane & Sage, 1994,
Motamed et al., 1996).

6.1.2. Expression and function of osteonectin

Osteonectin is a collagen-binding glycoprotein with widespread expression in tissues
undergoing morphogenesis, remodelling and repair (e.g. during fetal development, bone,
and in wound repair) (Lane & Sage, 1994). Expression has been reported in a wide range
of cells, including fibroblasts (Lane & Sage, 1994), myofibroblasts (Blazejewski et al.,
1997), macrophages (Lane & Sage, 1994), endothelial cells (Sage et al., 1984), smooth
muscle cells (Reed & Sage, 1996) and chondrocytes (Reed & Sage, 1996). It is also
released during platelet degranulation (Lane & Sage, 1994). It is expressed in a wide
variety of tumours, both by tumour cells and by reactive cells in the surrounding stroma
(Porter et al., 1995). Although osteonectin expression has been described in the chick
chorio-allantoic membrane (Iruela-Arispe et al., 1995), there are no reports of its

expression in human fetal membranes.

Osteonectin induces the expression of matrix metalloproteases involved in matrix
remodelling, MMP-1, -3, and -9 (Tremble et al., 1993; Shankavaram et al., 1997), and the
inhibitor plasminogen activator inhibitor-1 (Lane et al., 1992). It has thus been proposed to
play a key role in extracellular matrix remodelling, and in facilitating cellular migration,
such as that seen in tumour progression and metastasis (Reed & Sage, 1996). Osteonectin
acts as an anti-adhesive protein in cell culture in vitro, promoting cell rounding, and
inhibiting cell spreading (Lane & Sage, 1994; Motamed et al., 1996). It has also been
demonstrated to mediate focal adhesion disassembly in endothelial cells, with breakdown
of actin-containing stress-fibres, and redistribution of actin toward the cell periphery
(Motamed et al., 1996).
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6.2. Aims

e To establish whether osteonectin, at both mRNA and protein level, is expressed in term
fetal membranes.

e To determine the nature of cells expressing osteonectin protein and mRNA in the fetal
membranes.

e To determine whether regional changes in osteonectin protein and mRNA expression

¢ To examine any association between osteonectin expression and expression of a-sma
and of tenascin-C in the connective tissue layers of the fetal membranes.

6.3. Materials and Methods

6.3.1. Tissue samples

'Fetal membrane samples were obtained at term prior to labour (n=15), during labour (n=5)
and following labour and delivery (n=5) as previously described (2.1.1.). The restricted
area of tissue taken, to ensure accurate mapping, meant that in some cases different tissue
samples were used for different techniques. First trimester decidua (n=5) was obtained
following suction termination of pregnancy (2.1.3.).

6.3.2. Immunohistochemistry

Immunohistochemistry for osteonectin was carried out on formalin-fixed wax-embedded
tissue samples using mouse monoclonal antibody clone N50 and rabbit polyclonal
antiserum BON-I. Immunohistochemistry with monoclonal antibodies to vimentin (clone
V9), CD68 (clone PGM1), cytokeratin (MNF116), and a-sma (clone 1A4) was performed
in order to assist in quantifying and to characterise the nature of cells within the fetal
membrane found to be immunoreactive for osteonectin (2.3.).
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6.3.3. SDS-PAGE and Western blotting

Fetal membrane extracts from paired whole fetal membrane biopsies obtained during and
following labour at term (n=9), and from paired ‘superscraped’ (section 2.1.1.4.) fetal
membrane biopsies (n=5) were separated on 10% polyacrylamide gels and transferred to
nitrocellulose as previously described (2.4.). Monoclonal antibody N50 and polyclonal
antiserum BON I were used to detect osteonectin using enhanced chemiluminescence
(2.4.5.). The resultant bands were quantified using Scion Image™ (2.8.2.).

6.3.4. RT-PCR

RNA was extracted from 5 paired ‘cervical’ and midzone fetal membrane biopsies
obtained prior to labour at term, and from the connective tissue layers only from a further 5
pairs of ‘cervical’ and midzone prelabour fetal membrane biopsies. The RNA was
subjected to RT-PCR using primers to osteonectin and to GAPDH at previously
determined optimal cycle number, and the PCR products were separated on an agarose gel
(2.5.). The bands on the captured image of the gel were quantified using Scion Image™
(2.8.2.). '

6.3.5. In situ hybridisation

A probe to detect osteonectin mRNA in situ was synthesised by RT-PCR amplification of a
325 base pair region of the osteonectin gene, employing mRNA extracted from SK-MEL-
28 cells. This template was used in an ‘asymmetric’ PCR reaction incorporating
digoxigenin to produce a single stranded antisense DNA probe (2.6.). In situ hybridisation
was carried out on formalin-fixed wax-embedded paired ‘cervical’ and midzone fetal
membrane biopsies obtained prior to labour at term (n=5) as previously described (2.6.5.).

6.3.6. Image analysis

Immunoreactivity to monoclonal antibody N50 was used to quantify the number of
osteonectin immunoreactive cells in the constituent layers of the fetal membranes
(2.8.1.2.). The numbers of mRNA positive cells by in situ hybridisation was similarly
quantified.
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6.3.7. Statistical analysis

The methodology used to compare numbers of immunoreactive and mRNA positive cells,
to correlate parameters, and to analyse data obtained from Western blots and by RT-PCR
are described in section 2.9.

6.4. Results

6.4.1. Osteonectin protein expression

6.411.1. Osteonectin immunolocalisation
Osteonectin immunoreactive cells were identified in the amniotic epithelium, and in the
fibroblast, reticular, and cytotrophoblast layers in fetal membrane biopsies obtained from
all zones and all patient groups employing both monoclonal antibody NS0 and polyclonal
antiserum BON-I (Figure 6.1a-e). Immunoreactive cells were also identified within
degenerate villi in the cytotrophoblast layer. No immunoreactive cells were detected in the
decidua attached to the amniochorion with either antibody. Occasional immunoreactive
cells were seen within the first trimester decidua (as described previously (Wewer ef al.,
- 1988)) with both N50 and BON-I, although the previously reported extracellular matrix
staining around decidual cells (Wewer et al., 1988) was seen only with BON-I (Figure
6.1¢c).

Serial sections stained with an antibody CD68 confirmed that the positive cells within the
fibroblast and reticular layers of the fetal membranes did not co-express this marker, and
were thus fibroblastic/myofibroblastic in nature (Figure 6.2). Serial sections stained with
an antibody to cytokeratin confirmed that the positive cells within the cellular layers of the
_ fetal membranes were cytotrophoblast cells (Figure 6.3a&b). Osteonectin immunoreactive
cells identified within the cellular layers of the fetal membranes were predominantly within
the superficial maternal aspect of the cytotrophoblast layer (Figure 6.3a), although in
membranes exhibiting significant thinning of the cytotrophoblast layer, immunoreactive
cells were also seen adjacent to the pseudobasement membrane (Figure 6.3c-e).

176



100pm

100pm

Figure 6.1a-c. Immunohistochemistry for osteonectin on sections of the same fetal membrane biopsy, using
a polyclonal antiserum (a), and using monoclonal antibody N50 (b). Immunoreactive cells can be observed
within the fibroblast layer, reticular layer and cytotrophoblast layer. Some lifting ofthe tissue section is seen
in (a), due to the microwave pretreatment, (¢) Immunohistochemistry for osteonectin using polyclonal
antiserum on first trimester fetal membrane confirms the previously reported finding of immunoreactivity
surrounding decidual cells (arrowheads).
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Figure 6.1d-e. Immunohistochemistry for osteonectin using monoclonal antibody clone N50, on midzone
fetal membrane (d) and fetal membrane exhibiting altered morphology (e). Immunoreactivity is observed
within amniotic epithelial cells on both fetal membrane biopsies, and in fibroblast layer, reticular layer and
cytotrophoblast layer cells predominantly within the altered morphology biopsy (e).
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Figure 6.2. Immunohistochemistry for osteonectin (a) and macrophage marker CD68 (b) on serial sections
of fetal membrane, demonstrating that the osteonectin immunoreactive cells within the fibroblast and
reticular layers are negative for CD68.
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Figure 6.3. Immunohistochemistry for osteonectin using monoclonal antibody clone N50 on sections of
fetal membrane. In midzone fetal membranes, cytotrophoblast layer immunoreactivity was less common, but
where present was in the superficial cells within the layer (a). A serial section stained with a monoclonal
antibody against cytokeratin confirms that the immunoreactive cells are cytotrophoblast and not decidua (b)
(examples of co-expressing cells circled). A wide range of patterns of immunoreactivity was detected in the
cytotrophoblast layer of fetal membranes exhibiting altered morphology (c-e). The reticular layer (R) and

cytotrophoblast layer (C) are indicated.
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6.4.1.2. Regional differences in immunoreactive cell numbers

Significant numbers of immunoreactive cells, and/or regional differences in their
incidence, were detected in the non-macrophage cells in the fibroblast and reticular layers,
and in the cytotrophoblast cells. (Figure 6.4a-d). The numbers of osteonectin
immunoreactive cells in the reticular layer per unit length of membrane was 6.5-fold higher
in the ‘cervical’ biopsies in the pre-labour group, 10-fold higher in the ‘cervical’ biopsies
in the labour affected group, and 12-fold higher in the rupture line biopsies in the post-
labour group compared to their respective midzones. These changes were not affected by
the thickness of the connective tissue layers, since the mean densities of osteonectin
immunoreactive cells within the reticular layer were similarly increased in the pre-labour,
labour and post-labour groups 6.1-fold, 5.3-fold, and 7.5-fold respectively (Table 6.1).
When expressed as a percentage of the total vimentin positive population present, in the
reticular layer of the midzone biopsies the means ranged from 3.51% to 4.03% (Table 6.2).
However in the reticular layer of the pre-labour ‘cervical’ biopsies, the labour-affected
‘cervical’ biopsies, and the post-labour rupture line biopsies this was 7.1-fold higher at
24.85%, 8.2-fold higher at 33.00% and 9.3-fold higher at 33.00% respectively. There were
no significant differences between numbers of osteonectin immunoreactive cells,
immunoreactive cell density, or percentage of vimentin positive cells that were
immunoreactive, in the midzone biopsies between patient groups, or between the ‘cervical’
and rupture line biopsies (Figure 6.4, Tables 6.1 and 6.2).

In the amniotic connective fibroblast layer significantly higher numbers of osteonectin -
immunoreactive cells were noted in the ‘cervical’ compared to midzone biopsies in the
labour-affected group (12.7-fold higher, Figure 6.4), and similarly, after correction for the
thickness of the amniotic connective tissue layers, in the density of osteonectin
immunoreactive cells within the layer (8.3-fold higher, Table 6.1). When expressed as a
percentage of the vimentin positive cells within the fibroblast layer, there were
significantly higher percéntages in the ‘cervical’ compared to midzone biopsies in the pre-
labour and labour-affected groups (7.2-fold, and 16.6-fold higher, respectively, Table 6.2).
The failure to detect a difference in the post-labour group appeared to be due to increased
numbers of immunoreactive cells in the midzone biopsy from one patient (16.9%),
bringing the average for the group to 4.46%, compared to 1.44% and 0.81% in the pre-
labour and labour-affected groups (Table 6.2). Exclusion of the data for this patient
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Amniotic epithelium

4.00 4.00
Pre-labour Labour Post-labour
3.50 3.50 3.50
3.00
2.50 2.50
2.00
1.50
1.00
0.50
0.00 0.00
Midzone ‘Cervical’ Midzone ‘Cervical’ Midzone Rupture line
Mean 0.98 1.12 0.84 1.26
SEM 0.26 0.23 0.20 0.27
p-value 0.85 0.53

Fibroblast layer

Pre-labour Labour Post-labour
0.00
Midzone ‘Cervical’ Midzone ‘Cervical’ Midzone Rupture line
Mean 0.18 0.60 0.06 0.76
SEM 0.07 0.12 0.03 0.15
p-value 0.18 0.014

Figure 6.4. a & b. Numbers of osteonectin immunoreactive cells in the epithelial (a) and fibroblast (b)
layers of'the amnion, obtained prior to, during, and following labour at term. The graphs show the mean and
SEM derived from 10 fields from each biopsy, with lines connecting the data points from individual
patients. The mean and SEM (derived from the total 50 observations) for each group are shown beneath the
graphs. Comparisons between biopsy sites and physiological group were using two way ANOVA and
Scheffes test. Significant p-values are in bold. All comparisons between physiological groups were non-
significant.
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Figure 6.4. ¢ & d. Numbers of osteonectin immunoreactive cells in the reticular (¢) and cytotrophoblast (d)
layers of'the chorion, obtained prior to, during, and following labour at term. The graphs show the mean and
SEM derived from 10 fields from each biopsy, with lines connecting the data points from individual
patients. The mean and SEM (derived from the total 50 observations) for each group are shown beneath the
graphs. Comparisons between biopsy sites and physiological group were using two way ANOVA and
Scheffes test. Significant p-values are in bold. All comparisons between physiological groups were non-

significant.
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Pre-labour Labour Post-labour
. (@=8) (n=5) (n=5)

Midzone . ‘Cervical’ Midzone ‘Cervical’ Midzone Rupture
' line

Fibroblast 02740.17 1341053 0.1540.11* 1253093* 0.7330.51  1.13+027
Iayer (0-0.86) (025269) (0-0.57) (0.322.46) (0-2.76)  (0.28-1.86)

Reticmlar 0894023 5.441131° 1.061031° 5.641025° 1.0740.34° 8.05+1.89°
layer  (0.24-1.40) (1.48-9.65) (0.37-2.13) (4.68-6.10) (0.29-2.20)  (4.22-
14.68)

Cyto  0.5610.18° 5.02+1.74° 0471015 2.64+1.03 0.6410.18 5484232
layer  (0.13-0.99) (0.71-945) (0.18-0.94) (0.72-5.63) (0.21-1.12)  (2.05-
| 14.60)

Table 6.1. Density of osteonectin immunoreactive cells, expressed as cell number per
10°® m? cross-sectional area of the fetal membrane layer, in fetal membranes obtained prior
to, during, and following labour at term. The mean, standard error, and range (in brackets)
are shown. Letters indicate significant differences between data: a, e both p<0.05; b, ¢, d
all p<0.01.
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Pre-labour Labour Post-labour
- (0=5) (n=5) (0=5)

Midzome - ‘Cervical’ Midzone ‘Cervical’  Midzone Rupture
‘ line

Fibroblast 1441090 103613.49" 0.8110.55®° 13.43+3.89® 4.4613.14  8.32+1.88

layer (04.05) (1.22-1667)  (0-2.74) (3.23- (0-16.92) (3.17-
' 23.08) 14.49)

Reticalar  3.51+1.10° 24.8544.60° 4.03+1.60° 330116.84° 3.56+120° 33.0245.42°
layer  (0.81-6.56)  (11.66- (2.00- (17.90-  (1.24-7.57)  (12.66-
38.91) 10.40) 50.00) 41.90)

Cytolayer 1.144038" 10.1043.61' 0.941025 6294244  138+0.36° 11.7414.25%
(0-063)  (0.52-1026) (0.43-1.67)  (1.32-  (0.50-2.38)  (4.87-
| 12.70) 28.03)

Table 6.2. Percentage of vimentin positive cells possessing osteonectin in the fibroblast
and retlcular layers, and of the cytokeratin positive cells possessing osteonectin in the
cytotrophoblast layer, in fetal membranes obtained prior to, during, and following labour at
term. The mean, standard error, and range (in brackets) are shown. Letters indicate
significant differences between data: a, b, f, g all p<0.05; ¢, d, e all p<0.01.
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brings the afrerage for the group to 1.34%, significantly lower than the rupture line
biopsies, 8.32% (p=0.015).

In the cytotrophoblast layer there were 5.8-fold, 4.6-fold and 6.8-fold higher numbers of
immunoreactive cells in the ‘cervical’ biopsies in the pre-labour, labour-affected, and in
the post-labour rupture line bioﬁsies compared to their respective midzones, although this
only achieved significance in the former group (Figure 6.4). The density of
immunoreactive cells, correcting for the thickness of the cytotrophoblast layer, was
similirly significantly higher in the pre-labour ‘cervical’ biopsies compared to the midzone
(9.0-fold higher, Table 6.1). The percentage of cytotrophoblast cells immunoreactive for
osteonectin was significantly higher in the pre-labour ‘cervical’ and post-labour rupture
 line biopsies, compared to their respective midzone biopsies (8.8-fold, and 8.5-fold
respectively, Table 6.2).

When data from all biopsies were combined there was a significant positive correlation
between the absolute numbers of osteonectin positive cells in the reticular layer and it’s
thickness (Spearman r=0.753, p<0.0001), combined thickness of the amniotic and
chorionic connective tissue layers (Spearman r=0.798, p<0.0001), the FMMI (Spearman
r=0.873, p<0.0001), and a negative correlation with the total thickness of the cellular layers
(Spearman r=-0.713, p=0.0001). There was also a significant positive correlation between
the number of osteonectin positive cells in the fibroblast layer and in the reticular layer
(Spearman r=0.749, p<0.0001). There were also significant correlations between the
number of immunoreactive cells in the cytotrophoblast layer and the number of
immunoreactive cells in the reticular layer (Spearman r=0.591, p=0.0014), and inverse
correlation with the total thickness of the cellular layers (Spearman r=-0.691, p=0.0005).

6.4.1.3. Relationship to a-SMA expression

Serial sections demonstrated that the majority of immunoreactive osteonectin cells within
the reticular layer were also a-sma immunoreactive. However not all a-sma
immunoreactive cells contained immunoreactive osteonectin (Figure 6.5). For example, in
the rencular layer of the post-labour rupture line biopsies 57.7+11.4% (meantSEM) of a-
sma positive cells were immunoreactive for osteonectin. However, in midzone biopsies,
where the numbers of osteonectin immunoreactive positive cells in the reticular layers
were low, these exceeded the numbers of a-sma immunoreactive cells. When the data from
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Figure 6.5. Immunohistochemistry for osteonectin (a) and a-sma (b) on serial sections of fetal membrane.
The majority ofthe osteonectin positive cells within the reticular layer are also a-sma positive. Examples of
co-expressing cells are circled. The relationship between osteonectin and a-sma within the fibroblast layer
is less clear.
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all biopsies was combined there was a significant positive correlation between the absolute
numbers of osteonectin and a-sma positive cells in the reticular layér (Spearman r=0.813,
p<0.0001).

On serial sections there was no apparent direct and consistent relationship between
osteonectin and a-sma immunoréactive cells in the fibroblast layer. Within cervical’ and
rupture line biopsies cells were identified immunoreactive for osteonectin only, a-sma
only, or both osteonectin and a-sma. However when data from all biopsies was combined,
there was a significant correlation between the numbers of osteonectin and a-sma positive
cells in the fibroblast layer (Spearman r=0.632, p=0.0007).

6.4.1.4. Osteonectin immunoreactivity on a fetal membrane map

Osteonectin immunohistochemistry with monoclonal antibody N50 was carried out on a
representative fetal membrane map obtained prior to labour at term. Fetal membrane
biopsies containing the greatest number of osteonectin immunoreactive cells within the
reticular layer were demonstrated clustered around the internal os of the cervix (Figure
6.6).

Within the biopsies obtained from this single patient (n=28), numbers of osteonectin
immuméreacﬁve cells within the reticular layer correlated positively with the reticular layer
thickness (Spearman r=0.693, p=0.0003), total connective tissue thickness (Spearman
r=0.736, p=0.001), and reticular layer a-sma cell count (Spearman r=0.676, p=0.0004),
and inversely with the total cellular thickness (Spearman r=-0.503, p=0.0089). The
correspondence of fetal membrane morphology parameters, a-sma cell count, and
osteonectin immunoreactivity along the longitudinal axis of a representative map is
demonstrated in Figure 6.7.

6.4.1.5. Relationship to tenascin-C expression

Fetal membrane biopsies with the most osteonectin immunoreactive cells had the greatest
proportion of area immunoreactive for tenascin-C in the connective tissue layers of both
the amnion and chorion (Spearman r=0.613, p=0.001; Spearman r=0.751, p<0.0001
respectively). However examination of serial sections demonstrated no direct relationship
between the osteonectin immunoreactive cells and the intensity of tenascin-C
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Figure 6.6. A representative fetal membrane map, obtained prior to labour at term, with measured 3cm
biopsies radiating out from the internal os of the cervix to the placental edge. The biopsies are shaded to
demonstrate the distribution of the numbers of osteonectin immunoreactive cells in the reticular layer (per
computer screen width), with the biopsies with the greatest immunoreactivity centred upon the internal os of
the cervix.
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Figure 6.7. Graphs demonstrating fetal membrane morphology, reticular layer a-sma count, and reticular
layer osteonectin immumoreactive cell count in biopsies taken along the longitudinal axis of a fetal
membrane map. (As in Figure 6.6). Maximal numbers of osteonectin immunoreactive cells are demonstrated
in biopsies with the highest a-sma cell count, greatest connective tissue thickness, and least cellular
thickness. These biopsies cluster around in the internal os ofthe cervix.
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immunoreactivity in the surrounding connective tissue within an individual biopsy. This
applied to both the fibroblast layer and the reticular layer (Figure 6.8).

6.4.1.6. Characterisation of osteonectin protein in fetal membranes

Western himhngaffehl membrane extracts with monoclonal antibody N50 and polyclonal
antiserum BON-I demonsunted a single band at approximately 40kDa, consistent with the
reported size of osteonectin (Figure 6.9).

6.4:1.7. Regional differences in extracted osteonectin by Western blotting

Densitometry of Western blots of homogenates of fetal membranes obtained during and
following labour (n=9) demoglstrated significantly higher amounts of osteonectin protein in
the “‘cervical’/rupture line coﬂlpared to the midzone samples (2.9-fold higher, Figure 6.10).
The densitometry value correlated significantly with the total connective tissue thickness
(P=0.403, p=0.0046), inversely with total cellular thickness (P=0.381, p=0.0063), and
therefore also correlated with the derived FMMI of the fetal membrane biopsies (’=0.50,
p=0.001). It also correlated with the number of osteonectin immunoreactive cells within
the reticular layer ("=0.394, p=0.0053) and with the number of o-sma immunoreactive
cells within the reticular layer (*=0.25, p=0.037).

Western blots of homogenates of “superscraped’ fetal membranes obtained prior to labour
at term (n=5) were performed to examine the amount of osteonectin in the connective
tissue layers only, without contamination from attached decidua. Densitometry
demonstrated significantly higher amounts in the ‘cervical’ fetal membranes compared to
midzones (2.5-fold higher, Figure 6.10).

6.4.2. Osteonectin mRNA expression

6.4.2.1. Localisation and distribution of mRNA positive cells

Osteonectin mRNA was detected in significant numbers of cells in both the reticular and
fibroblast layers, and in smaller numbers of cells in the cytotrophoblast layer (Figure
6.11a-k).

As a group, the ‘cervical’ biopsies exhibiting the highest numbers of osteonectin
immunoreactive cells in the reticular and fibroblast layers also exhibited the higher
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Figure 6.8. Immunohistochemistry for osteonectin (a, ¢ & ¢) and tenascin-C (b, d, & f) on sections of fetal
membrane. Large numbers of osteonectin immunoreactive cells are present within the reticular layer in a
fetal membrane biopsy exhibiting extreme altered morphology (a), corresponding with intense tenascin-C
immunoreactivity on an adjacent section ofthe same biopsy in the same layer (b). Yet elsewhere within the
same membrane biopsy an area of fetal membrane with few osteonectin immunoreactive cells within the
reticular layer is observed (c), although on an adjacent section of the same biopsy intense tenascin-C
immunoreactivity is still present (d). Rare osteonectin immunoreactive cells are present within the reticular
layer of a midzone fetal membrane biopsy (e), although an adjacent section of the same biopsy exhibits
moderate tenascin-C immunoreactivity (f).
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Figure 6.9. Western blots of ‘superscraped’ fetal membrane biopsies, (a) Incubated with osteonectin
monoclonal antibody N50, and paired blot (b) incubated with a matched concentration of mouse IgG. (c)
Incubated with polyclonal antiserum against osteonectin, and paired blot (d) incubated with a matched
concentration of rabbit serum. Bands specific for osteonectin (On) and molecular weight marker lanes
(MW) are indicated.
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Figure 6.10. Western blotting of fetal membrane extracts with osteonectin (monoclonal antibody N50). The
protein loading was titred using a pair of ‘cervical’ and midzone protein extracts, to determine the optimal
protein loading. Protein loading of 50pg is in the linear part of the curve obtained, and was used for
quantitative experiments (a). A Western blot of 5 pairs of ‘superscraped’ midzone (M) and ‘cervical’ (C)
fetal membranes is shown (b). Non-specific bands have been cropped from this image. Densitometry values
of immunoblotted osteonectin from whole (¢) and ‘superscraped’ (d) fetal membrane homogenates. Lines
join the data from paired membranes from an individual patient. Comparisons between data was made using
paired t-test.

194



100[im

100pm
N
*] # 0 4
% % * 1%
A <V S*J * Wr— oV L i k%
1 sk ; -
4 t oo - -
4 100um
4 _:k\ O

Figure 6.11a-c. In situ hybridisation using a probe against osteonectin. mRNA positive cells are detected in
the fibroblast and reticular layer of a fetal membrane with altered morphology (a). No positive cells are
detected in a serial section incubated with the sense control probe (b). Numerous positive cells are detected
in the mesenchyme ofthe umbilical cord, used as a positive control (c).
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Figure 6.11d&e. In situ hybridisation using a probe against osteonectin demonstrates mRNA positive cells
in the fibroblast and reticular layers of'a fetal membrane with altered morphology (a). No positive cells are
observed in a serial section pre-treated with RNase (b).
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Figure 6.11f-h. In situ hybridisation using a probe against osteonectin demonstrates numerous mRNA
positive cells in the fibroblast and reticular layers of a fetal membrane with altered morphology (f), and rare
cells only in a midzone fetal membrane (g). mRNA positive cells were also detected in cytotrophoblast cells

(h).
197



numbers of in situ positive cells (fibroblast layer =0.658, p=0.0044; reticular layer
=0.645, p=0.0051). However, on examination of serial sections, areas of fetal membrane
containing the highest numbers of in situ positive cells tended to contain low numbers of
immunoreactive cells, and vice versa. Occasional areas of fetal membrane contained cells
positive for both mRNA and protein, and a few cells were detected that co-expressed
mRNA and protein (Figure 6.12).

6.4.2.2. Regional differences in mRNA expression

In situ hybridisation was performed on paired midzone and ‘cervical’ biopsies from 5 pre-
labour patients. Significantly higher numbers of cells in the reticular layer expressed
osteonectin mRNA in the ‘cervical’ biopsies compared to the midzone biopsies (10.7-fold
higher, Figure 6.13).

6.4.2.3. Quantification of mRNA by RT-PCR

RT-PCR of mRNA from the fetal membrane biopsies (n=5) demonstrated a single 325
base pair band (Figure 6.14). Analysis by densitometry of the bands obtained from the
‘cervical’ membrane biopsies, compared to the midzone biopsies, gave a non-significant
. difference (‘cervical’ bands 21% more intense than midzone, Figure 6.15). The different
tissue composition of ‘cervical’ compared to midzone membrane biopsies was considered
to be a possible factor. The experiment was therefore repeated using RNA extracted from
the connective tissue layers of the membranes (n=5). A slightly greater, but still non-
significant trend towards more intense bands obtained by RT-PCR of the ‘cervical’
biopsies compared to the midzones was observed (‘cervical’ bands 42% more intense than
midzone, Figure 6.15).

6.5. Discussion

In this chapter, osteonectin expression has been demonstrated in mesenchymal cells in the
connective tissue layers of the fetal membranes, and within cytotrophoblast cells, restricted
to specific anatomical regions of membrane. It was particularly expressed by cells within
the reticular layer of the chorion, where 25-33% of vimentin positive cells in rupture line
and ‘cervical’ fetal membrane biopsies were immunoreactive for osteonectin, compared to
3-4% in midzone membrane biopsies. More mesenchymal cells within the fibroblast layer
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Figure 6.12. In situ hybridisation using a probe to osteonectin (a&c) and immunohistochemistry using a
monoclonal antibody against osteonectin (b&d). Examination of serial sections demonstrates large numbers
of mRNA positive cells in the reticular layer (a) and low numbers of immunoreactive cells (b), and vice
versa (c&d). A few cells co-express mRNA and protein (circled).
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Figure 6.13. Numbers of cells positive for osteonectin mRNA in the fibroblast, reticular and cytotrophoblast
layers of fetal membranes obtained prior to labour at term. The graphs show the mean and SEM derived
from 10 fields from each biopsy, with lines connecting the data points from individual patients. The mean
and SEM (derived from the total 50 observations) for each group are shown beneath the graphs.
Comparisons are made between midzone and ‘cervical’ biopsies using paired t-test. Significant p-values are
shown in bold.

200



14000 4
12000
10000

£ 8000
6000
4000

2000

32 34 36

No. of cycles

Figure 6.14. RT-PCR of fetal membrane RNA using primers to osteonectin amplifies a 325 base pair band.
No band is apparent in reactions performed in the absence (-) of reverse transcriptase (a). 100 base pair
ladder is in lane M. (b) Titration of the number of cycles of amplification carried out. Subsequent
experiments were performed using 34 cycles, on the linear part ofthe titration curve.
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Figure 6.15. RT-PCR on pairs of ‘superscraped’ fetal membrane RNA samples using primers against
osteonectin (a). (Samples all run on a single gel, but on several rows of lanes, therefore images cut and
pasted to align bands from the same RNA sample). Densitometry values of osteonectin RT-PCR bands,
relative to GAPDH, using RNA extracted from whole fetal membrane (b), and from ‘superscraped’ fetal
membrane (c). Lines connect data from paired samples from a single patient.
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of the amnion were immunoreactive in biopsies from the same sites, compared to midzone
biopsies, although at lower frequency (8-13% compared to 3-4%).

Osteonectin immunoreactivity was not demonstrated within the macrophage population of
the fetal membranes. The distribution of osteonectin immunoreactive cells corresponded to
the distribution of o-sma immunoreactive cells (Chapter 3). Within the reticular layer, the
osteonectin immunoreactive cells appeared to represent a subgroup of the myofibroblasts.
The majority of osteonectin immunoreactive cells within the reticular layer also co-
W a-sma. Osteonectin expression has previously been demonstrated in o-sma
positive myofibroblasts in liver fibrosis (Blazejewski ef al., 1997), by myofibroblasts
associated with hepatocellular carcinoma (Le Bail et al, 1999), and periductular
myofibroblasts in biliary atresia (Lamireau e al., 1999).

In the fibroblast layer of the amnion, osteonectin expression and a-sma expression were
increased in rupture line and “cervical’ fetal membranes, although they were not always co-
localised. Thus the “activated’ myofibroblast phenotype and osteonectin expression does
not appear to be intimately linked in cells of this layer. This differential expression may
relate to the underlying phenotype of the cells of the fibroblast and reticular layers. The
reticular layer cells constitutively express desmin (Chapter 3) in contrast to the cells of the
fibroblast layer. It does, however, suggest that the expression of a-sma and osteonectin by
fibroblast cells of the amnion may be subject to the same regulatory factors.

Osteonectin expression was also detected within cytotrophoblast cells. In the midzone
biopsies these cells were concentrated at the maternal-fetal interface. In the ‘cervical’ and
rupture line biopsies 6-9 fold higher percentages, and a higher absolute number of cells of
the cytotrophoblast layer expressed osteonectin. This localisation and differential
- expression may reflect differential attachment of the cytotrophoblast layer to the
underlying decidua, and/or differential breakdown of the maternal-fetal interface.

Using both polyclonal and monoclonal antibodies, no osteonectin was detected in the
extracellular matrix of the fetal membranes. This is consistent with previous reports of
almost exclusive intracellular localisation (Porter et al., 1995), although osteonectin was
originally described as a protein secreted by a basement membrane tumour (Dziadek et al.,
1986), and has been described in the extracellular matrix surrounding decidual cells

(Wewer et al., 1988). This latter finding was confirmed in this study in first trimester
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decidua. Rmnﬂy the immunoreactive-negative basement membrane underneath the lens
epithelium as been described as a ‘virtual repository’ for osteonectin, as revealed by
immunoblotting of extracts (Yan & Sage, 1999). The failure to demonstrate extracellular
osteonectin has been suggested to be due to extracellular degradation of osteonectin (Reed
& Sage, 1996). Osteomectin is readily degraded into peptides, which have been
demonstrated to have functional significance e.g. angiogenesis, and higher affinity
collagen binding (Lane & Sage, 1994).

The regxonal difference in protein results was mirrored by a regional difference in
osteonectin mRNA expression as demonstrated by in situ hybridisation. Significantly
higher numbers of in situ positive cells in the fibroblast and reticular layers were noted in
the ‘cervical’ fetal membrane biopsies compared to midzone biopsies. Although the
biopsies containing highest numbers of immunoreactive cells also contained the highest
numbers of in situ positive cells, serial sections demonstrated that mRNA and protein were
rarely co-expressed. This suggests a transient increase in osteonectin transcription within
the cells. There was, however, a failure to demonstrate a regional difference in mRNA
expression by RT-PCR. Initially the technique was applied to RNA extracted from whole
fetai membrane. Histology, however, readily demonstrates the different cellular
. compositions of ‘cervical’ and midzone fetal membranes, thus making this approach
invalid. The technique was therefore applied to RNA extracted from ‘superscraped’ fetal
membrane, that had the decidua and cytotrophoblast removed. Thus the tissue composition
between ‘cervical’ membrane and midzone membrane should have been comparable. This
approach demonstrated a non-significant trend toward higher amounts of osteonectin
mRNA in ‘cervical’ fetal membranes. The possible reasons for the lack of correspondence
between mRNA and protein expression are as discussed with relation to a-sma in Chapter
3(3.5.).

6.6. Conclusions

J Emssioﬁ of osteonectin mRNA and protein was demonstrated in human fetal
membranes, within myofibroblasts in the reticular layer of the chorion, fibroblast cells
of the amnion, cytotrophoblast cells, and amniotic epithelium.

¢ Regional increased expression of osteonectin protein in the fetal membranes, within the
myofibroblasts of the reticular layer, fibroblast cells of the amnion, and cytotrophoblast
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cells was danonstmted, in fetal membranes obtained from overlying the cervix prior to
and during labour, and from the rupture line following labour and delivery.

Osteonectin protein was expressed by myofibroblasts within the reticular layer,
although an absolute direct‘relationship between expression of a-sma and osteonectin
in individual cells was not observed.

Osteonectin protein expression was confirmed by Western blotting, which also
demonstrated regional increased protein expression in fetal membranes overlying the
. cervix prior to the onset of labour.

Regional increased mRNA expression in amniotic fibroblasts and reticular layer
‘myofibroblasts was demonstrated by in sifu hybridisation in fetal membranes overlying
the cervixpriortothe}onSet of labour

Osteonectin mRNA was amplified by RT-PCR, but this technique was unable to

confirm the regional difference in mRNA expression that had been demonstrated by in
situ hybridisation.
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Chapter 7

m of myofibroblast differentiation, osteonectin and tenascin
o expression in an organ culture model

7.1. Introduction

The previous chapters have demonstrated changes in the cellular phenotype associated
with extreme altered morphology of the fetal membranes at term, localised to fetal
membranes overlying the cervix prior to delivery and a restricted region of the rupture line
after dehvety The characteristics of this phenotype are expression of a-sma, osteonectin
and tenascin-C. These changes are associated with an increase in thickness of the
connective tissue layers of the fetal membranes and a decrease in the thickness of the
cellular layers of the fetal membranes. The elucidation of the factors involved in regulation
of this phenotype may be critical for the understanding of the generation of the altered
morphology of the fetal membranes.

7.1.1. Regulation of a-sma expression

Expression of a-sma is conSidered a key feature of myofibroblast differentiation, and thus
its regulation has been studied extensively in vitro. Fibroblasts in culture may acquire
stress fibres and express a-sma when cultured on plastic, without addition of any cytokines
(Schmitt-Graff et al., 1994). Of all growth factors studied, TGF-B; has been consistently
demonstrated to induce a-sma expression in myofibroblast and fibroblast cell cultures
(Desmouliere ef al., 1993; Ronnov-Jessen & Petersen, 1993; Jester et al., 1996; Zhang et
al., 1996). GM-CSF stimulates a-sma expression by myofibroblasts in an in vivo rat
model, apparently by induction of TGF-$, expression by macrophages (Xing et al., 1997),
but does not stimulate a-sma expression in vitro. Angiotensin II, demonstrated to play a
role in fibrosis, also acts to stimulate TGF-B; production (Campbell & Katwa, 1997).
Interleukin-4 has also been reported to induce a-sma expression in fibroblasts (Mattey et
al., 1997), and endothelin-1 to upregulate a-sma in cultured vascular smooth muscle cells
(Schmitt-Graff et al., 1994) and bronchial fibroblasts (Sun et al., 1997). Basic fibroblast
growth factor has been reported to induce (Schmitt-Graff et al., 1994), and to inhibit o-sma
expression (Jester et al., 1996; Mattey et al., 1997). TNF-a,, PDGF (Desmouliere et al.,

206



1993), IL-1 and IL-6 (Mattey ef al., 1997) have all been demonstrated not to induce o-sma

expression by myofibroblasts and fibroblasts. Interferon-y decreases a-sma expression by
fibroblasts (Desmouliere ef al., 1992).

7.1.2. Regulation of tenascin-C expression

Numerous factors have been studied in vitro with respect to induction of Tn-C expression.
TGF-B consistently upregulates Tn-C expression in vitro, in all cell types studied (Pearson
et al., 1988). Other factors identified which may upregulate Tn-C include serum (Chiquet-
Ehrismann et al., 1986; Pearson ef al., 1988), angiotensin II (Mackie et al., 1992; Sharifi et
al., 1992; Hahn et al., 1995), platelet derived growth factor (Mackie ef al., 1992), TNF-a.
(Harkonen et al., 1995), interferon-y (Harkonen et al., 1995), interleukin-1 (McCachren &
Lightner, 1992) and acidic and basic fibroblast growth factor (Tucker et al., 1993; Rettig et
al., 1994). Many of these growth factors have been demonstrated to upregulate Tn-C
expression in é.peciﬁc cell types only and not in others. Expression of Tn-C may be
suppressed by dexamethasone (Ekblom et al., 1993; Talts et al., 1995). Tenascin-C
expression may also be upregulated by mechanical stress (Chiquet-Ehrismann ef al., 1994,
Chiquet et al., 1996), acting via a sttess-reéponse element in the Tn-C gene promoter
(Chiquet-Ehrismann et al., 1994).

7.1.3. Regulation of osteonectin expression

Osteonectin regulation has also been studied in virro. Upregulation of expression has been
demonstrated by TGF-§ (Wrana et al., 1991), platelet derived growth factor, insulin-like
growth factor-1 and colony stimulating factor-1 (Motamed ef al., 1996).

7.1.4. Fetal membrane organ culture model

Organ culture models for the maintenance of tissues in vitro have the advantage of
maintaining the morphology and the autocrine and paracrine relationships within the tissue.
A number of models have been described for the fetal membrane, and have been utilised
for examination of the mechanisms involved in the cytokine response to inflammation
(Fortunato et al., 1994; Laham et al., 1994), and for examination of mechanisms of
induction of MMP-9 production (McLaren J, personal communication, subsequently
published (McLaren ez al., 2000b)). These involve maintaining discs of amnio-chorio-
decidua of 6-15mm diameter in culture, and allow the addition of agents, and subsequent
examination of changes in the composite tissue, and of quantification of factors secreted
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into the media. These models have been demonstrated to maintain normal morphology and
steady RNA yield over 10 days in culture (Fortunato et al., 1994), and to maintain 77-89%
cell viability over 6 days in culture as measured by LDH secretion into the media
(McLaren J, personal communication, subsequently published (McLaren e al., 2000b)).

This model will be used to mv&stlgate the regulation of myofibroblast diﬁ'érentiation
within the connective tissue layers of the fetal membranes.

Variables examined within this culture system will be:

Additios tal Bovine Serum. This has been demonstrated to increase secretion of
latent MMP-9 in the fetal membranes in vitro (McLaren J, personal communication,
subsequently published (McLaren et al., 2000b)). Increased levels of latent MMP-9
have been detected the fetal membranes overlying the cervix at term in association with
extreme altered morphology (McLaren J, personal communication, subsequently
published (McLaren et al., 2000a)).

2. Partial and complete removal of the cytotrophoblast and decidual layers. Paracrine
interaction between the different cell types in the different layers of the fetal membrane
may also be important. Fetal membranes exhibiting extreme altered morphology are
characterised by reduction in thickness of the cytotrophoblast and decidual layers,
therefore partial and complete removal of these layers will be used to examine these
relationships in culture.

3. Hypoxia. The fetal membranes within the lower uterine pole may be subject to to
relative hypoxia as the lower uterine segment develops, and potential nutritional
support from the decidua lost.

4. Addition of cytokines and growth factors. The cytokines and factors chosen to
. investigate this will be those commonly reported to regulate myofibroblast

differentiation (as observed by a-sma expression), Tn-C and osteonectin expression in
vitro in other models: TGF-B;, TNF-o., IL-18, GM-CSF, endothelin-1, basic fibroblast
growth factor, angiotensin II and IL-4.
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7.2. Aims

e To attempt to .indnce expression of «a-sma, osteonectin, and tenascin-C in
myofibroblasts of the reticular layer in midzone fetal membranes in an organ culture
system.

* To induce morphological changes in the fetal membranes in an organ culture system.

7.3. Materials and Methods

7.3.1. Fetal membrane samples

Fetal membrane samples were obtained following elective Caesarean section at term as
previously described (section 2.1.1.2.). Midzone fetal membranes were used.

7.3.2. Organ culture

8mm discs of midzone fetal membrane were cultured for 6 days (2.7.). Each experiment
was performed at least twice in duplicate, and more commonly three times and using
triplicate discs. Discs removed from culture were formalin-fixed and wax-embedded
(2.2.1.).

7.3.3. Inmunohistochemistry |

Immunohistochemistry for vimentin, a-sma, osteonectin and tenascin-C was performed on
formalin-fixed wax-embedded tissue sections (2.3.). All discs were screened with
immunohistochemistry for a-sma, with further immunohistochemistry performed on
selected discs only.

7.3.4. Image analysis

Measurements of the thickness of the component layers of the fetal membrane discs and of
the diameter of the fetal membrane discs were carried out (2.8.1.1.). Five fields per 8mm-
diameter disc were measured, excluding the edge portion of the disc (2 fields width,
approximately 350um, excluded). The disc diameters were measured in a similar way, with
all measurements taken along the pseudobasement membrane, to control for any distortion
of discs. Cell counting within both the central portion (5 fields per disc) and the edge

portion (1 field at each edge of each disc) of each disc was also performed, on the full
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thickness of each layer being examined in a fixed computer screen width (2.1.1.2.). Visual
inspection of all a-sma immunostained discs was performed. The majority of discs
examined were negative for a-sma within the connective tissue layers. The aim was to
reproduce the ‘activated” myofibroblast phenotype previously observed in ex-in vivo fetal
membranes. Only slides where a minimum of 2 a-sma immunoreactive cells per field was
present on visual screening were subject to formal cell counting. Fields within disc edges
were subsequently classified as ‘positive’ or ‘negative’ for a-sma, using a threshold of 5 a-
sma mmorewtlve cells in the reticular layer in the field. This threshold would not have
detected any of the midzone fetal membrane biopsies examined in this thesis either prior
to; during or following labour and delivery, and would have detected all extreme altered
morphology membrane biopsies in these groups.

7.3.5. Statistical analysis

Comparison of data between and within experiments was carried out as described in
section 2.9.

7.4. Results

7.4.1. Behaviour of fetal membrane discs in culture

After 6 days in culture, the fetal membrane discs underwent significant morphological
changes, and exhibited a number of consistent histological features (Figures 7.1, 7.2 &
7.3). Marked swelling and dispersal of the spongy layer was observed, occasionally
associated with separation of amnion from choriodecidua. The edge of the amnion became
infolded, with the amniotic epithelium curled around the edge of the compact and
fibroblast layers and often made contact with the cytotrophoblast layer (Figures 7.1 &
7.3). In a proportion of discs the amniotic epithelium grew over the edge of the
cytotrophoblast and decidual layers, effectively ‘sealing” the edge of the disc
(demonstrated by immunohistochemistry for cytokeratin in Figure 7.3). This phenomenon
was observed in 10 out of 22 disc edges examined The edges of the choriodecidua often
had a ‘pinched’ appearance, with reticular layer, cytotrophoblast layer and decidua pinched
together. The cells within the cytotrophoblast layer commonly became vacuolated (Figure
7.2b). Numerous small dense cell nuclei within the cytotrophoblast layer were observed
(Figure 7.2b). A layer of decidua immediately beneath the cytotrophoblast layer became
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M Figure 7.1. A composite picture of haematoxylin and eosin stained sections of a fetal membrane disc at Day 0, prior to organ culture (a), and following 6 days in culture (b).
I"k  Distortion ofthe disc occurs after 6 days in culture, with marked dispersal ofthe spongy layer (sp).
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Figure 7.2. Haematoxylin and eosin stained section of fetal membrane disc following 6 days in culture.
Large numbers of vacuolated cytotrophoblast cells are observed (a&b). Many decidual cells at the decidua-
cytotrophoblast interface have pale nuclei (b&c) (arrowheads). The cytotrophoblast layer (CY) and decidua
(D) are indicated.
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Figure 7.3. Immunohistochemistry for
cytokeratin on fetal membrane discs after 6
days in culture. Disc edges are shown. The
amnion curls round towards the chorion, but is
not attached to it, in a proportion of discs (a).
In other discs, the amniotic epithelium grows
over the cytotrophoblast layer and decidua at
the disc edge, effectively sealing the edge of
the disc (b&c).
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necrotic, as characterised by pink nuclei and ‘ghost’ cells on the haematoxylin and eosin
sections (Figure 7.2a&c).

The morphological changes in the fetal membrane discs observed during the culture period
were reflected in changes in the thickness of the component layers (Figure 7.4).
Significantly increased thickness of the amniotic connective tissue layers, and the reticular
layer were observed by day 6 compared to day 0 (3.7-fold, p=0.036; and 2.8-fold, p=0.036,
respectively). There was no significant change in the thickness of either the
cytoi:rophoblast layer or the decidual layer by day 6 (1.5-fold and 1.2-fold increased
thickness respectively, both non-significant). The diameter of the discs reduced by 31.1%
from day O to day 6 in culture (p=0.011). This reduction in diameter is occurring in 2
dimensions, and would therefore be expected to result in a 2.1-fold increase in thickness of
all component layers of the fetal membrane discs. The reduction in disc diameter therefore
does not explain the large increases in thickness of the connective tissue layers. It would
also be expected that the cytotrophoblast and decidual thickness should increase by 2.1-

fold. The absence of this occurring suggests significant cell loss in these layers.

The number of cells per field within the both the amniotic connective tissue layers and the
reticular layer was unchanged over 6 days in culture (Figure 7.5). There was therefore a
significant fall in the cellular density of both amniotic connective tissue layers and reticular
layer (3.6-fold reduction, p=0.036; 2.2-fold reduction, p=0.036, respectively) (Figure 7.5).
This suggests that the increase in thickness of the connective tissue layers of both amnion
and chorion is not a purely mechanical phenomenon, as the cellular density would be
expected to remain constant if this were the case. The reduction in cellular densities
observed in vitro are greater than those observed in the ex-in vivo ‘cervical’/rupture line
biopsies compared to their respective midzone biopsies (see Chapter 3, Table 3.4). The
constant cell number per field in the fibroblast and reticular layers in culture over time,
combined with a reduction in disc diameter, suggests an overall loss of cells from both the

fibroblast and reticular layers.

7.4.2. Effects of fetal bovine serum

Discs of whole fetal membrane were cultured for 6 days in the presence and absence of
10% fetal bovine serum. No significant differences were observed in the thickness of any
of the component layers of the fetal membranes (Figure 7.4), nor in the cellularity or cell

density of the connective tissue layers (Figure 7.5), in comparison to those cultured in the
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Figure 7.4. The thickness of the component layers of the fetal membranes at Day 0, and after 6 days in
culture with (+FBS) and without (-FBS) the addition of 10% fetal bovine serum. Each dot represents the
mean value of a fetal membrane roll (Day 0, n=10 fields measured) or fetal membrane disc (Day 6, n=5
fields measured). The horizontal bars represent the mean value of'the points in each group.

Significant differences between data are indicated (*, Mann Whitney U test p<0.05).
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Figure 7.5. The total cell count and cellular density ofthe connective tissue layer ofthe amnion, and ofthe
reticular layer at Day 0, and after 6 days in culture with (+FBS) and without (-FBS) the addition of 10%
fetal bovine serum. The cell count was determined by counting vimentin immunoreactive cells within the
relevant layer of the fetal membranes, and is expressed per computer screen width (176p,m). Cell density
represents the cell count per 0.01mm2 cross sectional area of the relevant layer ofthe fetal membrane. Each
dot represents the mean value of a fetal membrane roll (Day 0, n=10 fields measured) or fetal membrane
disc (Day 6, n=5 fields measured). The horizontal bars represent the mean value ofthe points in each group.

Significant differences between data are indicated (¥, Mann Whitney U test p<0.05).
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absence of fetal bovine serum. However, the cytotrophoblast layer was significantly
thicker in comparison to day 0 (2.2-fold, p=0.024), and a non-significant increase in
thickness of the decidual layer was observed in comparison to day O (1.8-fold) (Figure
7.4). These changes are comparable to the 2.1-fold increase in thickness expected due to
the decrease in disc diameter, and may suggest that the presumed cellular loss detected
within these layers when cultured in the absence of fetal bovine serum (7.4.1.) was not
occurring when the fetal membrane discs were cultured in the presence of fetal bovine

scrum.

Visual inspection of a-sma immunostained slides did not reveal any significant a-sma
immunostaining in either the fibroblast or reticular layer in either the presence or absence
of 10% FBS (Figure 7.6).

These conditions, with and without the addition of 10% fetal bovine serum were then used

in combination with other possible stimulatory factors.

7.4.2. Hypoxia

Duplicate experiments performed in the presence of 1% O, were performed. Screening by
immunohistochemistry for a-sma did not reveal any significant immunostaining in either

the fibroblast or reticular layer in either the presence or absence of 10% FBS.

7.4.3. Removal of decidual layer

Fetal membrane discs with the majority of the decidua removed (by scraping the maternal
surface of the fetal membrane with a glass microscope slide) were cultured in the
presence/absence of 10% FBS for 6 days. Histological examination of the resultant fetal
membrane discs, and image analysis, demonstrated that the decidual thickness was reduced
by an average of 48% from 151.5um to 79.2um by this technique (difference not
statistically significant). Screening by immunohistochemistry for a-sma did not reveal any
significant immunostaining in either the fibroblast or reticular layer in either the presence
or absence of 10% FBS.

7.4.4. Removal of decidual and cytotrophoblast layers

A technique to remove all of the decidual and cytotrophoblast cells from the fetal

membrane was developed and validated by examination of haematoxylin and eosin stained
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Figure 7.6. Immunohistochemistry for a-sma on a fetal membrane disc following 6 days in culture. No
immunoreactive cells are detected in the fibroblast layer (a) or reticular layer (b). Immunoreactive cells are
detected around blood vessels in the decidua (b).
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sections (2.1.1.4.). The resultant fetal membrane was cultured in the presence and absence
of 10% FBS. Due to the variable results obtained, this experiment was performed 6 times,
and discs removed on day 2, day 4 and day 6. Screening by immunohistochemistry for a-
sma demonstrated significant numbers of immunoreactive cells within the connective
tissue layers of two cultures, but not in the remaining four cultures. Results are therefore
given for the ‘responding’ and ‘non-responding’ cultures separately. No significant
differences were observed in results for discs cultured in the presence or absence of fetal

bovine serum, and the results were therefore pooled.

In the two ‘responding’ cultures, a-sma immunoreactivity was observed in cells of the
fibroblast layer and the reticular layer (Figure 7.7a). There were significantly more a-sma
immunoreactive cells within both the fibroblast layer and the reticular layer by Day 6 in
culture, in the discs from the ‘superscraped’ culture compared to the control discs within
the same cultures (p=0.035 and p=0.0027 respectively), (Figure 7.8), representing 21.5%
of fibroblast layer cells and 64.2% of reticular layer cells. There were also significantly
more osteonectin immunoreactive cells within the reticular layer of the ‘superscraped’
discs compared to control discs (p=0.017), representing 13.7% of reticular layer cells
(Figure 7.7b). Tenascin-C immunoreactivity was observed as deposits along the amniotic
basement membrane, and as occasional haloes around reticular layer cells, visible above

background matrix staining (Figure 7.7¢).

Within the ‘responding’ cultures, there was no significant difference in the thickness of the
connective tissue layers of the amnion or chorion between the ‘superscraped’ discs and the
control discs after 6 days in culture (amniotic connective tissue 58.1+1.9um and
51.8+4.9um respectively, reticular layer 96.1+8.8um and 94.413.2pum respectively). When
comparing ‘responding’ cultures to ‘non-responding’ cultures, there was no significant
difference in the thickness of the reticular layer after 6 days in culture (96.1+8.8um vs
87.1+4.7um). However, the amniotic connective tissue thickness was significantly greater
in the ‘non-responding’ cultures compared to ‘responding’ cultures (95.2+4.7um vs
58.1£1.9um, p=0.00002). The relevance of this is uncertain, although it may be related to a
greater initial (though non-significant) thickness of the amniotic connective tissue layers in
the ‘non-responding’ cultures (27.942.0um vs 20.0+3.3um, p=0.27).
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Figure 7.7. Immunohistochemistry for a-
sma (a), tenascin-C (b) and osteonectin (c)
on ‘superscraped’ fetal membrane discs
following 6 days in culture. The upper
picture in each pair illustrates the amnion,
the lower picture the reticular layer.
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Figure 7.8. Numbers of a-sma immunoreactive cells in the fibroblast and reticular layer prior to, and after
2, 4, and 6 days in culture. ‘Superscraped’ fetal membrane discs (decidua and cytotrophoblast layers
removed) are compared to control membrane discs (decidua only removed). The mean £ SEM a-sma
immunoreactive cell count is shown for all discs removed at each individual time point (n=5-9) from 2
culture experiments. The immunoreactive cell count is per computer screen width (176pm).

Significantly greater numbers of a-sma immunoreactive cells in ‘superscraped’ fetal membrane discs:
* p<0.05
** p<0.01
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The reason for the lack of a-sma immunoreactivity in the ‘non-responding’ cultures
appeared to be cell death within the reticular layer of the chorion (Figure 7.9). The
reticular layer total cell count, as assessed by vimentin immunoreactivity, was significantly
lower in the ‘non-responding’ compared to the ‘responding’ cultures after 6 days in culture
(6.5%1.7 vs 19.014.6, p=0.0055). There was no significant difference in the total cell count
in the fibroblast layer (6.610.8 vs 7.8%+1.0 respectively, p=0.35). However, even in the
‘responding’ cultures, there was a non-significant trend towards a lower reticular layer cell
count after 6 days in culture, when compared to the control discs (19.0+4.6 vs 31.6+1.7,
p=0.06), suggesting that even within these cultures, cell loss was occurring.

7.4.5. ‘Edge’ effects

The effect of tissue damage was investigated by examining the cut edges of the fetal
membrane discs. On the histological cross section of each disc two edges of the disc were
available for examination (on occasion poor orientation of a disc within a wax block only
allowed one disc edge to be visualised). Two fields were therefore analysed per disc,
within the 350um edge zone of the disc (section 7.3.4.). No differences in the number of
disc edges immunoreactive for a-sma were 6bserved in results for discs cultured in the
presence or absence of 10% fetal bovine serum, and the results were therefore pooled.
Cells immunoreactive for a-sma were not observed within the fibroblast layer of the

amnion in the disc edges.

On day 6 of culture, 40% of disc edges examined from whole fetal membrane discs (15
disc edges examined, cultures from 7.4.2.) and 38% of disc edges from discs with decidua
removed (21 disc edges examined, cultures from 7.4.3.) were positive for a-sma. The
percentage of disc edges positive for a-sma over time is demonstrated in Figure 7.10.
‘Haloes’ of tenascin-C were observed around reticular layer cells at some disc edges,
although these did not always correlate with a-sma positive disc edges (Figure 7.11). The
Tn-C disc edges were not quantified due to the difficulty in detecting ‘haloes’ above the
variable background matrix staining. Osteonectin positivity was not detected at disc edges.

7.4.6. Addition of cytokines/additives

Fetal membrane discs were cultured for 6 days in the presence and absence of endothelin-
1, bFGF, GM-CSF, IL-18, IL-4, TGF-$,, angiotensin II and TNF-« (all in the absence of

FBS; additive concentrations as in Table 2.5). Examination of slides immunostained with
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Figure 7.9. Immunohistochemistry for vimentin on ‘superscraped’ fetal membranes following 6 days in
culture. In a ‘responding’ culture (a) numerous immunoreactive cells are detected in both the fibroblast layer
and reticular layer. In a ‘non-responding’ culture (b), immunoreactive cells are detected in the fibroblast
layer, but are virtually absent in the reticular layer. The upper picture in each pair illustrates the amnion, the
lower picture the reticular layer.
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Figure 7.10. The proportion of disc edges positive for a-sma within the reticular layer over time. Positivity
for a-sma was considered as a minimum of 5 immunoreactive cells per field. Each point represents the
proportion of available disc edges (15-26 per group), with standard error also demonstrated.

Significantly greater proportion of disc edges exhibiting a-sma immunoreactivity:

* p<0.05
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Figure 7.11. Immunohistochemistry for a-sma (a, ¢ & e) and tenascin-C (b, d & f) on the edges of fetal
membrane discs after 6 days in culture. Large numbers of a-sma immunoreactive cells are observed within
the reticular layer close to the edge ofthe disc (a), corresponding to ‘haloes’ of tenascin-C around reticular
layer cells on a serial section of the same disc (b). However, on another disc edge large numbers of a-sma
immunoreactive cells are detected (c¢), but no corresponding ‘haloes’ of tenascin-C on a serial section are
observed (d), although this may be due to the greater background level of tenascin-C immunoreactivity.
Examination of a further disc edge demonstrates absence of a-sma immunoreactive cells (e), but the
presence of ‘haloes’ of tenascin-C on a serial section (f). The reticular layer (R) and cytotrophoblast layer
(C) are labelled, and ‘haloes’ oftenascin-C are indicated by arrowheads.
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a-sma did not reveal any significant (> 2 positive cells per field) numbers of
immunoreactive cells with addition of any cytokine to the culture media except TGFB;.
Further immunohistochemistry for tenascin-C, vimentin, and osteonectin was therefore
carried out, and experiments to determine the dose-response and time course of response of
myofibroblast activation.

7.4.6.1. Response to TGF-$, in culture

Fetal membrane discs cultured in the presence of TGF-B, developed extreme damage to
the amniotic epithelium, with loss of large numbers of cells (Figure 7.12). After 6 days in
culture, the thickness of the amniotic connective tissue of the fetal membrane discs
cultured in the presence of 10ng/ml TGF-f; was 14% thicker than that of discs cultured in
the absence of TGF-B; (p=0.03). There were no other significant differences in fetal
membrane morphology in fetal membrane discs cultured in the presence or absence of
TGF-B,;. There was a 54% higher total cell count within the reticular layer (40.21+3.41 vs
26.10+1.54, p=0.0011) in discs cultured for 6 days in the presence of 10ng/ml TGF-B,,
compared to those cultured in the absence of TGF-B;. There was no significant difference
in the total cell count in the fibroblast layer layer (6.581+0.68 vs 5.1940.39, p=0.084). Discs
cultured in the presence of 10ng/ml TGF-B, exhibited a mean reduction in disc diameter of
24% over 6 days in culture, not significantly different to the change in diameter of the
control discs from the same experiments (p=0.71).

After 6 days in culture significantly greater numbers of a-sma immunoreactive cells were
observed in both the fibroblast layer and reticular layer compared to control discs (p=0.002
and p=0.00005 respectively). These represented 52.2% and 27.3% of vimentin-positive
cells in the fibroblast and reticular layers respectively (compared to 1.4-1.6% in the
negative control discs, Figure 7.13a). Significantly higher numbers of cells within the
fibroblast and reticular layers were immunoreactive for osteonectin (1.34+0.36 vs
0.2740.10, p=0.007; 9.12+1.36 vs. 2.48+0.64, p=0.0003 respectively), representing 20.3%
and 22.7% of vimentin-positive cells in these layers (compared to 5.2% and 9.5% of cells
in negative control discs, Figure 7.13b). Immunoreactive tenascin-C appeared in discrete
patches around cells of the fibroblast and reticular layers (Figure 7.13c).
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Figure 7.12. Haematoxylin and eosin stained sections of fetal membrane discs following 6 days in culture.
The amniotic epithelium of a control disc is virtually intact (a), whereas those cultured in the presence of
10ng/ml TGF-Pj exhibit varying degrees of epithelial damage, with marked loss of cells (b&c).
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Figure 7.13. Immunohistochemistry for
a-sma (a), osteonectin (b) and tenascin-C
(c) on fetal membrane discs cultured for 6
days in the presence of 10ng/ml TGF-Pj.
The upper picture of each pair is the
amnion, the lower picture the reticular
layer.
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7.4.6.2. Time course of TGF-B, response

The increase in numbers of a-sma immunoreactive cells within both the fibroblast and
reticular layers was observed to occur by day 4 in culture (Figure 7.14). Immunoreactive
cells appeared in both layers at approximately the same time.

7.4.6.3. Dose-response for TGF-$,

An initial concentration of 10ng/ml was used to screen for response to TGF-$;. Subsequent
dose-response experiments used concentrations of 1ng/ml, 10ng/ml and 100ng/ml.
Significantly increased numbérs of a-sma immunoreactive cells were observed in the
fibroblast layer of the amnion with 10ng/ml and 100ng/ml TGF-, after 6 days in culture,
in comparison to the control discs (p=0.013 and p=0.006 respectively). Increasing numbers
of immunoreactive cells were detected with increasing concentrations of TGF-B;.
Similarly significantly increased numbers of a-sma immunoreactive cells were only
observed in the reticular layer with 10ng/ml and 100ng/ml TGF-, after 6 days in culture in
comparison to the control discs (p=0.046 and p=0.01 respectively). As in the fibroblast
layer, increasing numbers of a-sma immunoreactive cells were observed with increased

concentrations of TGF-f;.

7.5. Discussion

This study has succeeded in upregulating the expression of a-sma, osteonectin and
tenascin-C in the fetal membranes in vitro by removal of both cytotrophoblast and decidua,
and by addition of TGF-B;. The former technique induced a-sma expression in 64% of
reticular layer cells, the latter technique induced a-sma expression in 27% of reticular layer
cells (in comparison to 73% of reticular layer cells immunoreactive for a-sma in ‘extreme
altered morphology’ biopsies prior to labour at term, 4.4.2.1.). The pattern of induction of
expression of these three proteins differed from the patterns observed in vivo.

Removal of the cytotrophoblast and decidual layers was performed to attempt to mirror the
morphology of fetal membranes with extreme altered morphology, which have thin/absent
decidua and a thin cytotrophoblast layer. This technique resulted in induction of a-sma
expression within the fibroblast and reticular layer, induction of osteonectin expression in

the reticular layer, and induction of tenascin-C expression along the basement membrane
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Figure 7.14. The number of a-sma immunoreactive cells in the fibroblast layer (a) and reticular layer (b)
over time, in the presence and absence of 10ng/ml TGF-P,. Each point represents the mean number of
immunoreactive cells in the relevant layer in all discs examined at that time point (SEM also illustrated).

Significantly greater numbers of cells in TGF-p,+ cultures:
** p<0.01,
*  p<0.05
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of the amniotic epithelium, and around cells of the reticular layer. The pattern of
expression induced within the reticular layer mimics that observed in fetal membranes with
altered morphology. However, a-sma expression in the reticular layer was uncommon in
the ex-in vivo altered morphology biopsies, and Tn-C expression along the amniotic
basement membrane was only observed consistently in the amnion of the first and second
trimesters. This pattern of expression was induced in 2 out of 6 cultures. In the remaining 4
cultures, significant cell death was observed, presumably due to tissue trauma from the
techm'Que of removal of the cellular layers. The mechanism of induction of a-sma,
osteonectin and Tn-C within these cultures may result from loss of paracrine signalling
from the cytotrophoblast or decidual layers. It may alternatively result from the release of a
local factor caused by the tissue trauma. The inconsistent induction of a-sma and Tn-C
expression at the edges of discs also supports the hypothesis that tissue damage may induce

myofibroblast differentiation in the fetal membranes.

Addition of TGF-p; to the culture also induced expression of a-sma, Tn-C and osteonectin.
All three proteins were induced in both the fibroblast and reticular layers. Amniotic
basement membrane staining for Tn-C was not observed. Again the pattern induced in the
reticular layer mimic that observed in altered morphology fetal membranes, although o-
sma expression was induced in a lesser proportion of reticular layer cells in comparison to
the removal of cytotrophoblast and decidua, and in comparison to the ex-in vivo biopsies.
However, all three proteins were also induced in the fibroblast layer, which was rarely
observed in ex-in vivo biopsies. Addition of TGF-$; also caused significant amniotic
epithelial damage. The pattern induced by TGF-, differs from that induced by removal of
the cellular layers, suggesting that TGF-; is not the factor released by tissue trauma in the
latter technique, or if it is, then its response is modified by the release of other factors, or

that its release is confined to specific layers of the membrane.

A number of morphological and histological changes were induced in the fetal membranes
during 6 days in culture. The phenomenon of amniotic epithelium proliferating and
growing over the cut edge of membrane has previously been described in fetal membrane
organ culthre (Devlieger et al., 2000), when it was reported in 25% of cultures at Day 8
and 78.5% of cultures at Day 10, compared to 45% at Day 6 in this study. An associated
loss of tissue architecture and increase in number of pyknotic cells at the cut membrane
edge was also described (Devlieger er al., 2000). Additionally, the current study has
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described decidual necrosis, adjacent to the cytotrophoblést layer. This is the innermost
part of the disc, and suggests insufficient diffusion of oxygen and nutrients into the central
part of the disc. The morphological changes induced in the current work were induced in
all cultures performed, and were characterised by increased thickness of the connective
tissue layers of the amnion and chorion, and marked distension of the spongy layer.
Reduction in the diameter of the disc was observed, although this did not explain the
increase in connective tissue layer thickness. The increased connective tissue thickness was
comparable to that observed in the ‘Altered Morphology’ membranes compared to
midzone at term, yet the changes observed in vitro occurred in all cultures, and were not
associated with culture conditions demonstrated to induce a-sma expression. Additionally,
there was no change in the thickness of the cellular layers of the discs. No additional
morphological changes, or changes in the disc diameter, were observed in culture

conditions demonstrated to induce a-sma expression within the fetal membranes.

7.6. Conclusions

e a-sma, osteonectin and tenascin-C expression in the reticular layer of the chorion may

be induced by tissue trauma, or by TGF-p;.
e «-sma, osteonectin and tenascin-C expression in the fibroblast layer is induced by
TGF-B;. Tissue trauma induces a-sma expression in the fibroblast layer and Tn-C

expression along the amniotic basement membrane.

e The fetal membrane organ culture model employed in this study induced increased

thickness of the connective tissue layers of the fetal membranes.

e It was not possible to induce morphological changes in the fetal membranes in

association with induction of myofibroblast differentiation.
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Chapter 8

Myofibroblast differentiation, osteonectin and tenascin expression during
fetal membrane development

8.1. Introduction

The wofk in the previous chapters has established a cellular phenotype in the connective
tissue layers of the fetal membranes overlying the cervix prior to labour at term, and within
the rupture line following labour and delivery, associated with characteristic fetal

membrane morphology:

e Extreme altered morphology, characterised by increased connective tissue layer
thickness and decreased cellular layer thickness.

e Increased proportions of cells in the reticular layer of the chorion expressing o-sma and
osteonectin.

e Increased immunoreactive tenascin-C within the extracellular matrix of the reticular

layer of the chorion.

It is therefore hypothesised that these changes develop within a reétricted area of the fetal
membranes, centred over the internal os of the cervix, during late pregnancy. Examination
of the expression of these proteins and their relationship to the morphology and stage of
development of the fetal membranes may provide evidence to support or refute this

hypothesis.

8.2. Aims

¢ To examine the morphology of the fetal membranes throughout pregnancy.

e To determine the expression of a-sma, osteonectin and tenascin-C in the connective

tissue layers of the amnion and chorion throughout pregnancy.

e To examine the relationship between myofibroblast phenotype and fetal membrane

morphology throughout pregnancy.
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8.3.Materials and Methods

8.3.1 Tissue samples

Fetal membrane samples were obtained from first and second trimester surgical
termination of pregnancy (n=12), and from preterm prelabour Caesarean sections (n=20) as
previously described (2.1.2. & 2.1.3.). Midzone and ‘extreme altered morphology’ fetal
membrane biopsies obtained prior to labour at term (n=10) were as previously used in

Chapter 4.
8.3.2. Inmunohistochemistry

Immunohistochemistry was carried out on formalin-fixed wax-embedded tissue samples,
using monoclonal antibodies to vimentin, desmin, osteonectin, tenascin-C, CD68,

cytokeratin, a-sma, y-sma and smooth muscle myosin as previously described (2.3.).

8.3.3. In situ hybridisation

In situ hybridisation was performed using probes to all isoforms of tenascin-C and to large
isoforms of tenascin-C (2.6.).
8.3.4. Image analysis

Haematoxylin and eosin stained tissue sections were examined by light microscopy, and
the thickness of the constituent layers measured (2.8.1.1.). The number of immunoreactive
cells was counted as previously described (2.8.1.2.).

8.3.5. Statistical analysis

Statistical methods used to correlate the parameters measured, and to compare proportions

of immunoreactive cells are described in section 2.9.

8.4. Results

8.4.1. Fetal membrane morphology

Examination of haematoxylin and eosin stained sections of the membrane biopsies

demonstrated characteristic histological features of the amnion, chorion, amniochorion,
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and amniochorio-decidua throughout gestation. Free amnion biopsies (n=5) were obtained
at 8-13 weeks gestation. This may be because the amnion and chorion were still unfused in
the pregnancy, or due to traumatic separation of amnion and chorion laeve during the
termination of pregnancy. Significant variation in the histological appearance was
observed. Some amnion biopsies (n=3, gestations 8, 9 and 10 weeks) had a ‘tramline’
appearance of amniotic epithelium, and a single layer of cells within the fibroblast layer,
with an intervening very thin compact layer (Figure 8.1a). Other amnion biopsies (n=2,
gestations 12 and 13 weeks) were thicker, with a multilayered fibroblast layer (Figure
8.1b). The single cell thickness appearance of the amniotic epithelium confirmed that this

appearance is not artefact due to oblique sectioning.

Chorion laeve biopsies (n=5) were obtained at 9-13 weeks gestation. As for the amnion,
the possibility of traumatic separation of amnion and chorion during the termination was
considered. Particular care was taken to distinguish chorion laeve from chorionic plate.
Chorionic plate was distinguished by the presence of blood vessels within the connective
tissue, and by villi projecting ’from the cytotrophoblast layer (Figure 8.2a). Chorion laeve
consisted of a layer of connective tissue, ‘the reticular layer, with an attached
cytotrophoblast layer. This varied from 1-3 cells thick, with occasional degenerate villi
(Figure 8.2b). An apparent cleft within the cytotrophoblast layer was observed in one
sample at 13 weeks gestation. Remnants of decidua capsularis were also identified on the
same biopsy (Figure 8.2¢).

Fused amniochorion (n=4) was obtained at 12, 15, 16 and 20 weeks gestation. This
consisted of amnion, spongy layer, and chorion laeve, with cytotrophoblast layer and
occasional degenerate villi (Figure 8.3a&b). The cytotrophoblast layer varied from 1-5
cells thick, with apparent clefts’ within the layer observed in 3 out of 4 samples (12, 15
and 16 weeks gestation). Remnants of decidua capsularis were identified on all 4 samples,
commonly necrotic in appearance (Figure 8.3a&b). Decidua parietalis was not observed

on any of these samples.
Amniochoriodecidua, that is normally termed ‘fetal membrane’, was examined from 20

pregnancies from 25-36 weeks gestation. These all had attached decidua parietalis (Figure
8.3c¢).
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Figure 8.1. Haematoxylin and eosin stained sections of first trimester amnion, illustrating the range of
morphology identified. The amniotic epithelium (AE), compact layer (C) and fibroblast layer (F) are
highlighted.
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Figure 8.2. Haematoxylin and eosin stained sections of first trimester chorionic plate (a) and chorion laeve
(b&c). The chorionic plate is characterised by the presence of blood vessels (BV) and villi (V). A range of
morphology of chorion laeve was identified. The reticular layer (R), cytotrophoblast layer (C), a degenerate
villus (DV) and decidua capsularis (DC) are illustrated.
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Figure 8.3. Haematoxylin and eosin stained sections of second trimester amniochorion (a&b) and preterm
fetal membrane (c). Remnant of decidua capsularis (DC) are attached to the amniochorion. The
amniochorion has fused to the decidua parietalis (DP) in the third trimester fetal membranes. The

cytotrophoblast layer (C) is also illustrated.
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Measurements of the thickness of each individual layer of the membranes were plotted
over the whole gestational period. Results from midzone and Altered Morphology’ fetal
membrane biopsies from elective Caesarean section (n=10) from Chapter 4 were used as

reference values for ‘normal’ term fetal membranes.

The thicknesses of the amniotic connective tissue, spongy layer, reticular layer and
cytotrophoblast layer are plotted in Figure 8.4. Although a gradual change in thickness of
the individual layers with gestation is observed, fusion of the amnion with the chorion per
se does not appear to exert an influence on the thickness. Comparison between morphology
data obtained from first and second trimester membranes prior to and following amnio-
chorial fusion did not reveal any significant differences. In contrast, fetal membranes
obtained after fusion with the decidual parietalis appeared to exhibit different thickness
characteristics than those prior to decidual fusion. Statistical comparisons were therefore

made between 1%/2™ trimester samples, and 3" trimester fetal membranes.

Results are shown in Table 8.1. The morphology measurements for the preterm 3™
trimester fetal membranes are very similar tb term midzone fetal membranes, with no
significant differences in the thickness of any layer between these two groups. The
measurements for the preterm 3™ trimester samples thus have a similar relationship to term
‘extreme altered morphology’ fetal membranes as term midzone fetal membranes; the
amniotic connective tissue layer, spongy layer and reticular layer are all significantly
thinner, and the cytotrophoblast layer significantly thinner, than term ‘extreme altered
morphology’ biopsies. The 1% /2*? trimester samples show mixed morphology
characteristics. The thickness of the amniotic connective tissue layer varies widely. The
spongy layer (found only in fused amniochorion samples) appears thin, comparable to term
midzone samples. In contrast, the reticular layer is of comparable thickness to term
‘extreme altered morphology’ fetal membranes, and is thus significantly thicker than in
both 3™ trimester preterm and term midzone fetal membranes. The cytotrophoblast layer in
the 1%/2 trimester samples is, however, significantly thinner than in the term ‘extreme
altered morphology’ fetal membranes, and thus also than in 3 trimester preterm and term

midzone fetal membranes.

8.4.2. Fetal membrane cellularity

The number of cells within the amniotic epithelium, fibroblast layer, and reticular layer

were counted, the cellular densities within the fibroblast and reticular layers calculated, and
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Figure 8.4. Thickness measurements of the component layers of free amnion, free chorion, amniochorion,
and ‘fetal membrane’ biopsies obtained throughout gestation. Each point represents the mean of 10 fields
measured for each biopsy. All measurements are in pm. Mean (+SEM) values for term ‘extreme altered
morphology’ and ‘midzone’ fetal membranes (from Chapter 4) are shown for comparison.
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1%~ 3™ trimester Term
trimester preterm ‘FM’ ‘midzone’ Term:l!o ’
(0=9) (0=20) (0=10) (n=10)
MA:;‘;:‘:” 27.80 20.04 21.39° 31.57%®
co! layer ue 4757 +1.04 19.04 +2.11
S I 11.26 12.38° 13.95¢ 25.67%1¢
pongy fayer +2.90 +0.56 +7.32 +4.17
. 69.22%f 39.46%¢ 47.39%h 85.628¢"
Reticular layer +6.45 +2.09 +4.74 1921
Cy“";’:”"“""‘" 18.00"5X 89224 83.01™ 40.91%%m
yer +2.07 +8.14 +6.98 +4.93

Table 8.1. Thickness of the component layers of the amnion, chorion and amniochorion
throughout gestation. All measurements are shown in pum (mean + SEM). Comparisons were

made using t-tests, and significant differences are shown: a, b, ¢, e, g, h, i, j, k, L m, all p<0.01. d,

£, both p<0.05
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the relationship between the amniotic epithelial cells and fibroblast layer cells calculated
(Table 8.2). The changes in the cellularity of the layers of the fetal membrane throughout
gestation are shown in Figure 8.5. The number of fibroblast and reticular layer cells
decreased throughout gestation such that the number of cells within these layers in the first
and second trimesters was significantly higher than in the respective layers in term
midzone fetal membranes. The thickness of the amniotic connective tissue layer also
decreased through gestation (section 8.4.1.), although less so than the proportional
decrease in the fibroblast layer cell count, as evidenced by the decrease in the fibroblast
layer cell density through gestation. The number of amniotic epithelial cells per computer
screen width increased between the 1%/2™ and 3™ trimesters (Table 8.2). The ratio of
amniotic epithelial cells to fibroblast layer cells therefore increased markedly throughout
gestation. The fall in the number of reticular layer cells throughout gestation matched the
change in the thickness of the reticular layer (8.4.1.); thus the reticular layer cell density

remained constant until term, when a significant fall was observed.

8.4.3. Cellular phenotype

The total cell number within the fibroblast layer and reticular layer changed throughout
gestation (8.4.2.), therefore expression of a-sma, desmin and CD68 by cells within these
layers was examined by looking at the percentage of the total cell number expressing the

marker.

8.4.3.1. Amnion

The cellular population of the fibroblast layer of the amnion consisted of macrophages and
fibroblasts (‘V> cells), with a small proportion of cells which expressed either desmin
(‘VD’ cells) or a-sma (“VA’ cells) (Table 8.3). The proportion of macrophages (CD68
immunoreactive) within the fibroblast layer was significantly lower in the 1% and 2™
trimester samples (7.15%), compared to the 3™ trimester preterm samples (19.77%). Rare
cells expressed desmin within the fibroblast layer; the proportion was greatest in the 1* and
2™ trimester samples (9.16%). This represented a wide range of expression within this
group, from 0-28% of cells. Throughout gestation rare cells within the fibroblast layer
expressed a-sma. The wide range of percentages, especially in the 1* and 2™ trimesters, is
indicative of 3 samples (1 free amnion, 2 fused amniochorion) with high o-sma expression
(maximum 53.9% of cells). These three samples also had a high percentage of desmin
expression (though there was no overall correlation between the proportion of desmin
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rd . .
1%2™ trimester 3re t:‘::‘if; Term midzone | Term ‘ZAM’

(0=9) P (=20) (0=10) (0=10)

Amniotic 10.26~>¢ 15.64%¢ 13.00™° 15.42°
epithelial cells +1.02 +0.41 $0.32 +1.16
Fibroblast layer 12.21%7 7.83%¢ 5.68-%" 9.47"
cell count +1.04 $0.36 $0.71 +1.01

Reticular layer 47.49% 27.29% 26.69*" 39.78%!
cell count +5.43 +1.12 +2.35 +4.90
AE/Fib cell ratio 0.93™™1 2.04™° 2.43%07 1.77%F
10.08 +0.07 +0.72 +0.21

Fibroblast layer 38.05%%" 24.66>" 17.12%Y 19.72°
cell density 16.53 +1.49 +1.63 +4.57
Reticular layer 43.18 44.87* 37.32" 3438
cell density +4.37 42.00 .77 +4.19

Table 8.2. Cell counts of component layers of the fetal membrane throughout gestation.
Fibroblast and reticular layer cell counts were assessed by immunoreactivity to vimentin.
Figures given are mean + SEM. Cell counts are expressed per computer screen width
(176um). Cell densities are per 0.0lmm’. Comparisons were made using t-tests and
significant differences are shown: a, ¢, d, e, f, g, h,i,j,k, m,n, p,s, t,v,all p<0.01. b, L, 0,
r, u, w, x, all p<0.05.

243



Fibroblast layer cell count Reticular layer cell count

0 5 10 15 20 25 30 35 4 10 Is 20 25 30 15 40
. 3.5
Amniotic epithelial LK) * ;  Epithelial cell/fibroblast cell ratio
cell count # ¢ ¢
st 2.5
¢ "o »
¢ ¢ 2
. 8 *.
9 n
* * * 1.5
*
1
0.5
15 20 25 30 35 40 5 10 15 20 25 30 35 40

Gestation (weeks) Gestation (weeks)

Legend

¢ Free amnion/chorion laeve
Amniochorion
Preterm ‘fetal membrane’

Term ‘midzone’

* & & o

Term ‘extreme altered morphology’

Figure 8.5. Cell counts of the component layers of the fetal membrane throughout gestation. Each point
represents the mean of 10 fields measured for each biopsy. Cell counts are per computer screen width
(176pm). Mean (+SEM) values for term ‘extreme altered morphology’ and ‘midzone’ fetal membranes
(from Chapter 4) are shown for comparison.
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1%/2™ trimester 3" trimo;ster, Term ‘midzone’ | Term ‘ZAM’
@) | e (a=10) (v=10)
VD' cels hopd fo64 +1.86 £4.86
Macrophages | 1i'1o v 402 293
VA" cell e e £i15 oy
N B ey 56
v col re54 .67 1350 o

Table 8.3. Percentage cell populations in the fibroblast layer of the amnion throughout

gestation. Figures shown are mean = SEM. The cell percentages calculated from counting

the number of immunoreactive cells for the cell marker, and expressing that as a

percentage of the vimentin immunoreactive cell count for the biopsy. The proportion of

‘V’ cells was deduced by subtraction of the proportion of macrophages and ‘VD’ or ‘VA’

cells (whichever is higher) from the total vimentin immunoreactive population.

Comparisons were made using t-tests and significant differences are shown: a, b, e, f, g, all
p<0.01. ¢, d, both p<0.05
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positive cells and the proportion of a-sma positive cells). The single free amnion
exhibiting a high level of a-sma expression in the fibroblast layer (16.1%) was the biopsy
with greatest connective tissue thickness. There were no consistent phenotypic or clinical
features in common between these samples. The proportion of osteonectin immunoreactive
cells also decreased with gestation. Preterm 3™ trimester samples had a similar proportion

of osteonectin immunoreactive cells to term midzone samples.

A distinct and consistent pattern of tenascin-C immunoreactivity was observed in the 1%
and 2™ trimester amnion, using a monoclonal antibody (BC-24) which detected all
isoforms of tenascin-C. A thick band of immunoreactive tenascin-C was detected along the
amniotic basement membrane, with some apparent diffusion of immunoreactive material
into the adjacent compact layer and fibroblast layer (Figure 8.6). In preterm 3™ trimester
fetal membranes, a fine line of tenascin-C immunoreactivity was detected along the
amniotic basement membrane, varying from a continuous line to intermittent short patches
of immunoreactivity (Figure 8.6). Amongst the term midzone and ‘extreme altered
morphology” fetal membrane biopsies, short patches of tenascin-C immunoreactivity were
detected along the amniotic basement membrane in 9 out of 19 midzone and 10 out of 19
‘extreme altered morphology’ biopsies (Figure 8.6). The presence/absence of this
immunoreactivity at term was largely patient specific, with 79% concordance in
presence/absence of staining between paired midzone/‘extreme altered morphology’
biopsies. In order to identify the cell type which produced tenascin-C in the 1% and 2™
trimesters, in situ hybridisation was carried out on a 1® trimester amnion sample, and a 2™
trimester amniochorion sample, using probes to total tenascin-C, and to large isoform

tenascin-C (2.6.). No positive cells could be identified.

8.4.3.2. Chorion

The cellular population of the reticular layer of the chorion consisted of macrophages
(CD68 immunoreactive), myofibroblasts (‘VD’ cells and ‘“VDA’ cells), and fibroblasts
(°V’ cells) (Table 8.4). The proportion of macrophages changed little through gestation.
The highest proportion of macrophages was observed in the preterm 3™ trimester fetal
membranes, significantly higher than in the 1%/2™ trimester and the term ‘extreme altered
morphology’ fetal membranes (11.63%, 5.32% and 4.21% respectively). The proportion of
fibroblasts (‘V’ cells) remained constant throughout gestation. The proportion of ‘VD’
myofibroblasts changed little through gestation. In contrast, 90% of cells in the 1 and 2™
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Figure 8.6. Tenascin-C immunoreactivity within first trimester free amnion. Immunoreactivity is observed
along the amniotic basement membrane, diffusing into the underlying compact layer in (a).
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Table 8.4. Percentage cell populations in the reticular layer of the chorion throughout

gestation. Figures shown are mean + SEM. The cell percentages calculated from counting

the number of immunoreactive cells for the cell marker, and expressing that as a

percentage of the vimentin immunoreactive cell count for the biopsy. The proportion of
‘V’ cells was deduced by subtraction of the proportion of macrophages and ‘VD’ or ‘VA’

cells (whichever is higher) from the total vimentin immunoreactive population.

Comparisons were made using t-tests and significant differences are shown: b, ¢, d, ¢, f, g,
h,i, k 1, m, n, o, all p<0.01. a, j, both p<0.05.
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trimesters were a-sma positive, a proportion similar to the ‘extreme altered morphology’
biopsies at term. The proportion of a-sma positive cells in the midzone at term was just
5%. The change in the proportion of a-sma cells throughout gestation is illustrated in
Figure 8.7. There was wide variation in the proportion of a-sma cells in the early 3™
trimester, varying from 0-69%, although all biopsies in this group exhibited morphology
comparable to ‘midzone’ biopsies at term. The proportion of osteonectin positive cells in
the 1% and 2™ trimesters was also comparable to that in the ‘extreme altered morphology’
biopsies at term. As a-sma immunoreactivity was detected in reticular layer cells,
immunohistochemistry for y-sma and smooth muscle myosin was performed, to compare
the cellular phenotype to that detected at term in Chapter 3. Immunoreactivity for y-sma
was detected in the majority of cells of the reticular layer in all biopsies of chorion laeve
prior to fusion with the amnion (5 out of 5), and in a single fused amniochorion only (1 out
of 4; the earliest gestation amniochorion obtained) (Figure 8.8). Immunoreactivity for

smooth muscle myosin was not detected in reticular layer cells of any biopsy.

Tenascin-C immunoreactivity in the reticular layer of the chorion in the 1® and 2™
trimesters was detected in 7 out of 9 samples. It was completely absent from the reticular
layer in 2 samples (9 weeks and 16 weeks gestation), restricted to small patches of
immunoreactivity adjacent to the pseudobasement membrane in 6 samples, and was more
extensive throughout the reticular layer in 1 sample (20 weeks gestation) (Figure 8.9). In
3™ trimester preterm fetal membrane samples, tenascin-C immunoreactivity within the
reticular layer varied from complete absence, to intense immunoreactivity throughout the
layer (Figure 8.10). This was assessed using a grading system validated on the results
obtained by image analysis in Chapter 4. Thus a grade of 1 corresponded to a mean
immunoreactivity of 5.1 + 2.3% (mean + SEM), grade 2 15.1 + 4.3%, grade 3 31.5 +3.7%
and grade 4 53.2 + 3.5% (totally absent, or grade 0, Tn-C immunoreactivity did not occur
in any term fetal membrane samples), (Figures 8.11 & 8.12a). The first and second
trimester samples consistently exhibited low immunoreactivity within the reticular layer,
predominantly grade 0-2. Wide variation in immunoreactivity was exhibited by preterm
midzone samples, comparable to term midzone samples (Figure 8.12b). The intensity of
immunoreactivity did not correspond to the proportion of reticular layer cells

immunoreactive for a-sma (Figure 8.12c).
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Figure 8.8. Immunoreactivity for y-sma within first trimester free chorion (a), and second trimester
amniochorion (b&c). Large numbers of immunoreactive cells were detected in the reticular layer (R) of all
free chorion laeve biopsies (a) and in the earliest fused amniochorion biopsy (b) examined. Fibroblast layer
(F) cells are negative for y-sma. No immunoreactivity was detected in the remaining amniochorion biopsies

(©).
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Figure 8.9. Tenascin-C immunoreactivity within pre-fusion free chorion laeve (a) and fused amniochorion
(b&c). Minimal immunoreactivity is observed in the reticular layer of the free chorion laeve and 3 out of 4
samples of amniochorion (a&b). A single amniochorion biopsy at 20 weeks gestation exhibited intense
reticular layer immunoreactivity (c). Immunoreactivity is also observed within a degenerate villus (a), and
within the decidua capsularis (a&b).
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Figure 8.10. Tenascin-C immunoreactivity within preterm fetal membrane biopsies. A wide range of
reticular layer immunoreactivity is observed, ranging from absent (a), through increasing levels (b&c) to
intense (d).
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Fig 8.11. Tenascin-C immunoreactivity in term fetal membranes, demonstrating examples of Grade 1 (a),
Grade 2 (b), Grade 3 (¢), and Grade 4 (d) immunoreactivity within the reticular layer.
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Figure 8.12. The tenascin-C grading system was verified on the fetal membrane biopsies used in Chapter 4
(a). Each point represents a single fetal membrane biopsy. The horizontal line represents the mean tenascin-
C immunoreactivity % for each Tn-C grade. The Tn-C immunoreactivity grade on the Ist/2nd trimester, and
preterm 3rd trimester fetal membrane biosies is illustrated in (b). Values for term midzone and ‘extreme
altered morphology’ biopsies are shown for reference (mean + SEM). The Tn-C immunoreactivity does not
correlate with the % of cells immunoreactive for a-sma among these groups of fetal membrane biopsies (c).
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As no clear relationship between the proportion of a-sma cells and gestation was observed
between 25 weeks and 36 weeks, other parameters that may influence the cellular
phenotype were considered. The proportion of a-sma positive cells correlated with the
thickness of the reticular layer, and inversely with the thickness of the cytotrophoblast
layer (Figure 8.13).

8.5. Discussion

Studies on the ontogeny of any feature of the fetal membranes throughout gestation are
limited by the range of tissue available. For this study, tissue was obtained from surgical
termination of normal pregnancies during the first and second trimesters, up to 20 weeks
gestation, although regional mapping of tissue was not possible. Tissue was not available
between 20 and 25 weeks gestation from normal pregnancies. Elective Caesarean sections
are performed at 38-39 weeks gestation in physiologically normal pregnancies, and tissue
from term was therefore readily available. Prior to term, tissue was obtained from pre-
labour Caesarean sections at 25-36 weeks gestation, performed for underlying fetal or
maternal pathology. Regional mapping of fetal membrane biopsies was often not possible
due to the technical difficulties in performing the Caesarean sections, especially at the
earlier gestations. It is possible that the preterm fetal membranes obtained in this way may
have been affected by the pathology that lead to the preterm delivery, although no
consistent patterns were observed in association with any of the delivery groups (e.g. pre-

eclampsia, intra-uterine growth restriction).

The literature is unclear with regards to the timing of fusion of amnion to chorion, and
amniochorion to decidua. The earliest fused amniochorion observed in this study was at 12
weeks gestation. Free amnion and free chorion were obtained at 13 weeks of gestation,
although this may have been due to traumatic separation of tissue during termination of
pregnancy. Fused amniochorion was consistently obtained from 15 weeks onwards. These
findings are compatible with amnio-chorial fusion at 12-14 weeks gestation, broadly in line
with published estimates of 12 weeks (Benirschke & Kaufmann, 2000). No second
trimester tissue was obtained with decidua parietalis attached, therefore the fusion of
amniochorion with decidua is estimated at 20-25 weeks gestation from this study. This is
later than one published estimate of 15-20 weeks (Benirschke & Kaufmann, 2000), and
comparable to the alternative published estimate of 22-24 weeks (Moore & Persaud, 1998).
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Figure 8.13. The percentage of a-sma immunoreactive cells
within the reticular layer plotted against the thickness of the
reticular layer (a) and the thickness of the cytotrophoblast layer
(b). Each point represents the percentage of cells
immunoreactive for a-sma, calculated in relation to the number
ofcells in the reticular layer immunoreactive for vimentin.

257



The morphology and cellularity data obtained for the reticular layer demonstrates a
reduction in the reticular layer thickness during gestation, with an accompanying decrease
in cell number, thus giving a constant cell density. This is consistent with the occurrence of
a stretch process throughout gestation. An early ‘proliferation’ phase followed by a late
‘stretch’ phase, has been previously suggested to occur within the amnion (Alger &
Pupkin, 1986; Casey & MacDonald, 1996). The morphology data obtained from the
amnion in this study did not support this. A very wide range of morphology data was
observed during the first trimester, followed by little change in thickness during the
remainder of pregnancy. A change in the amniotic epithelial: fibroblast cell ratio was
observed throughout pregnancy, ranging from 0.7-0.8 in the first and second trimesters to
2.4 in the midzone at term. The methodology used within this study will inherently
underestimate the amniotic epithelial:fibroblast cell ratio as it is based upon counting
cytoplasmic staining for fibroblast cells, and nuclei of amniotic epithelial cells. This may
explain the difference between the ratios obtained in this study and those quoted by Casey
& MacDonald (1:1 in the first trimester, 10:1 at term) (Casey & MacDonald, 1996). The
latter figure was based upon the numbers of cells extracted from the amniotic epithelial and
fibroblast layers for cell culture experiments. Data examining the cell types within the
fibroblast layer suggests an increase in the proportion of macrophages in the connective

tissue layers of both amnion and chorion through gestation.

Overall, the chorion obtained during the first and second trimesters is similar to ‘extreme
altered morphology’ fetal membranes at term, and not, as was anticipated, the midzone
fetal membranes, both in terms of morphology (i.e. reticular layer and cytotrophoblast
layer thickness) and cellular phenotype. During the first and second trimesters over 90% of
cells express a-sma and 26% express osteonectin, compared to 73% (Chapter 4) and 25-
33% (Chapter 6) respectively in ‘extreme altered morphology’ fetal membranes at term.
Critical differences between the chorion during 1% and 2™ trimesters compared to ‘extreme
altered morphology’ at term are in expression of y-sma (constitutive in the free chorion
laeve only, mean 24% (range 2-61%) in rupture line fetal membranes following delivery at
term), and in expression of Tn-C (low expression in 1% and 2™ trimesters, high expression
in term ‘extreme altered morphology’). During the third trimester, the morphology and
cellular phenotype tend towards the feature of the midzone fetal membranes at term. The
reticular layer thickness decreases, in conjunction with a reduction in a-sma expression

within the reticular layer, and an increase in the thickness of the cytotrophoblast layer.
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The fetal membranes exist as free amnion and chorion prior to the first fusion at 12-15
weeks gestation, and subsequently fuse with the decidua parietalis at 20-25 weeks
gestation. The hypothesis in 8.1., that the anatomically restricted morphological changes
and cellular phenotype observed in the fetal membranes prior to the onset of labour at term
develops during late pregrlancy in the fetal membranes over the internal os of the cervix,
would predict that all fetal membranes prior to this time would express a midzone
phenotype (both in terms of morphology and cellular phenotype). However, the work
within this chapter demonstrates that the morphology of the free amnion and chorion, and
of the fused amniochorion, is analogous to that of ‘extreme altered morphology’ fetal
membranes at term, and typical midzone morphology is only observed after fusion to the
decidua parietalis. The cellular phenotype of the reticular layer of the free chorion laeve is
‘VDAG’, with a change to “VDA’ cells after fusion to the free amnion. The change to
‘VD’ cell only occurs after fusion of the amniochorion to the decidua parietalis. i.e. loss of
differentiation of the myofibroblast occurs in the majority of the fetal membranes during
gestation, with loss of expression of y-sma and then a-sma. Therefore the relationship
between the cellular phenotypes, morphological changes, gestation and stage of fetal
membrane development suggests that the pfocess of fusion of amniochorion to decidua
parietalis may play a role in modification of the cellular phenotype, specifically the loss of
o-sma and osteonectin expression. The loss of expression of y-sma during gestation

appears clearly related to amnio-chorial fusion in the samples examined in this study.

These results are consistent with failure of suppression of the constitutive activated
myofibroblast phenotype observed in the 1%/2™ trimesters, leading to the presence of a
region of myofibroblast activation within the lower uterine pole as demonstrated at term.
This may result from relative failure of fusion of the amniochorion with the decidua
parietalis in this region. Alternatively, complete suppression of the activated myofibroblast
phenotype throughout the whole sac may occur, with subsequent reactivation of the
phenotype due to lower uterine segment development and disruption of the feto-maternal

interface during the late third trimester.
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8.6. Conclusions

1* and 2™ trimester amnion and chorion have morphology and cellularity comparable

to ‘extreme altered morphology’ fetal membranes at term.

Preterm 3™ trimester fetal membranes have morphology and cellularity comparable to

term ‘midzone’ fetal membranes.

The cellularity of the connective tissue layers of the amnion and chorion decreases
through gestation.

The cellular phenotype of the 1% and 2™ trimester reticular layer is o-sma and

osteonectin positive, similar to the ‘extreme altered morphology’ fetal membrane at

term.

The o-sma positive, osteonectin positive phenotype in the 1% and 2™ trimesters is not
associated with tenascin-C expression, in contrast to the ‘extreme altered morphology’
fetal membrane at term.

Although the a-sma positive phenotype is associated with the thickness of the reticular

layer and the cytotrophoblast layer, no clear ‘switch-off” time of this phenotype could
be determined during the 3™ trimester.
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Chapter 9

General Discussion

This study examined the hypotheses that the previously described regional structural
changes within the fetal membranes at term are present prior to the onset of labour, and are
associated with myofibroblast differentiation. The nature of these structural changes,
especially those of the connective tissue layers of the amnion and chorion and their
ultrastructural features, are consistent with structural weakness (1.4.2.). The location of the
structural changes corresponds to the site of fetal membrane rupture, thus if present prior to
the onset of labour could predispose to subsequent fetal membrane rupture (1.5.1.).
Additional evidence suggests that one of the cell populations present within the reticular
layer are myofibroblasts (1.2.2.7.), cells with a key role in matrix degradation and
synthesis in the ‘wound response’ (1.5.2.). Thus the activity of these cells and the
relationship to fetal membrane structure in defined regions of the fetal membrane sac was
sought, with particular reference to the onset of labour. Examination of the cellular
populations of the connective tissue layers of the amnion and chorion was focussed upon
the intermediate filament phenotype, and their expression of the key matricellular proteins
tenascin-C and osteonectin. The changes in myofibroblast phenotype observed were
examined in an in vifro organ culture model, and the ontogeny of the changes considered

by examination of fetal membranes throughout the length of gestation.

9.1. The Zone of Altered Morphology and its generation
9.1.1. Appearance prior to labour

The Zone of Altered Morphology was described and defined as occurring within a
restricted area of the rupture line following labour and delivery at term. The characteristic
features were those of increased thickness of the connective tissue layers of both amnion
and chorion, and thinning of the cytotrophoblast and attached decidua parietalis in
comparison to fetal membranes obtained distal to this site (Malak & Bell, 1994b). The
localisation of the ZAM was consistent with the site of the ‘dependent membranes’
described by Bourne, through which the rupture line of the fetal membrane sac always
passes (Bourne, 1962; Malak & Bell, 1996). Ultrastructural features of extracellular

matrix dispersal within the connective tissue layers of both amnion and chorion in the
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ZAM were suggested to be consistent with structural weakness of the fetal membranes
(Malak & Bell, 1994b; Malak & Bell, 1996). Therefore a key objective of this study was to
identify whether structural alterations in the fetal membranes, as described in the ZAM,
could be identified prior to the onset of labour.

This study confirms the hypothesis that the features of the ZAM are generated prior to the
onset of labour. A region of fetal membranes exhibiting extreme altered morphology was
identified in all fetal membranes examined prior to the onset of labour at 38-39 weeks. It
was established that this region was located in the fetal membranes within the lower

uterine segment, centred upon the internal os of the cervix.

Detailed studies of fetal membrane ‘maps’ obtained prior to the onset of labour describes a
number of concentric zones of the fetal membrane, all centred upon the internal os of the
cervix. An outer region of decidual thinning results in a region of fetal membranes
exhibiting elevation of the Fetal Membrane Morphometric Index and affecting an average
of 10.7% of the surface area of the fetal membranes. Within this region, gradual changes in
the thickness of the connective tissue layefs and of the cytotrophoblast layer were
observed, resulting in an inner region exhibiting all of the characteristic features of the
ZAM, described as ‘extreme altered morphology’. The region of ‘extreme altered
morphology’ is comparable in size with the ZAM identified by Malak (Malak & Bell,
1994b) in the fetal membranes following labour and delivery at term (4.5.). Within this
region of extreme altered morphology, a region of ‘mucus-associated’ fetal membranes
was identified in 6 out of 10 fetal membranes examined. These fetal membrane biopsies
were characterised by thinner connective tissue layers than the surrounding extreme altered
morphology fetal membrane biopsies (although not as thin as midzone fetal membranes),
extreme thinning of the cytotrophoblast layer, minimal or absent decidua parietalis, and a
layer of mucoid material attached to the cellular layers of the fetal membranes. These fetal
membranes are hypothesised to lie directly over the internal os of the cervix, with attached
cervical mucus. The variation in size of this inner region may represent variation in

cervical effacement and dilatation at the time of membrane collection.
The location of the fetal membranes exhibiting extreme altered morphology within the

uterus, overlying the internal os of the cervix, is consistent with a direct relationship to the
subsequent rupture of the fetal membranes. It highlights the need to fully understand the
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structural, cellular and biochemical features of the ZAM, and the factors leading to its
generation, in order to understand the mechanisms of fetal membrane rupture.

9.1.2. Connective tissue layers

A key feature of the fetal membranes exhibiting extreme altered morphology prior to and
during labour at term, is that of increased thickness of the connective tissue layers of both
amnion and chorion. It has previously been interpreted as swelling of these layers
(McLaren et al., 1999a), but an alternative explanation is that it is a result of differential
elasticity of the fetal membranes exhibiting extreme altered morphology in comparison to
midzone fetal membranes. Millar et al. demonstrated the surface area of the fetal
membranes in vivo to be 1.7-fold greater than the expelled ex-in vivo fetal membranes
(Millar et al., 2000). It has been assumed that the elastic recoil of the fetal membrane sac
upon its expulsion from the uterus is evenly distributed throughout the gestation sac.
However, it is possible that the increased thickness of the connective tissue layers of the
amnion and chorion in the fetal membranes exhibiting extreme altered morphology reflects
greater elastic recoil in comparison to the midzone fetal membranes. This is supported by
examining the cellularity of the connective tissue layers of the fetal membranes. Fetal
membranes exhibiting extreme altered morphology have an increased total cell count per
computer screen width in both the amnion and reticular layer. When the thickness of the
layer is corrected for by examining cellular density, there is no difference between fetal
membranes with extreme altered morphology and midzone fetal membranes. This model is
illustrated in Figure 9.1. The connective tissue layers of membranes exhibiting extreme
altered morphology