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Abstract 

This thesis encompasses two aims, firstly, to describe the normal anatomy of human 

term myometrium, as this is not fully characterised in the literature, and secondly, to 

assess whether this morphology is altered with respect to maternal BMI or age. 

Obesity and advanced maternal age at labour are becoming increasingly more 

common and are clinically relevant as they are associated with a higher risk of 

obstetric complications and the need for Caesarean section.  

 

Methodological aspects of myometrial tissue strips are addressed, we propose several 

caveats for their use in vitro, and demonstrate the isotropic nature of fibre orientation 

in these strips.  

 

Numerous aspects of myometrial anatomy were quantified using stereological 

techniques coupled with light and electron microscopy and utilizing lectin and 

immuno-fluorescence.  Quantified parameters included: muscle and extracellular 

matrix content, vascularity measures, cell and nuclear size, and intracellular features 

including dense bodies, dense plaques, connexin proteins and mitochondria. 

 

These parameters, as well as aspects relevant to adiposity such as intracellular lipid 

content and leptin receptor expression, were examined with relation to maternal BMI. 

A disruption in tissue composition volumetrics was observed in the obese samples but 

the microanatomy was found to be largely independent of maternal BMI. 

 

Morphological alterations in several of the quantified parameters were observed 

associated with advanced maternal age. There was an increased nucleus to cell ratio 

possibly related to a decreased cell volume, a decreased volume of mitochondria per 

cell, an increase in unphosphorylated connexin 43 expression, a decrease in leptin 

receptor expression, as well as vascular changes in the older women. These findings 

may have implications for the functional aspects of uterine contractility, and the 

efficiency of the labour process in the older mother. 
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CHAPTER 1 INTRODUCTION 

 

1.1 GROSS ANATOMY OF THE INTERNAL FEMALE REPRODUCTIVE ORGANS 

1.1.1 The uterus and cervix 

The uterus is an extremely plastic organ which undergoes extensive change in 

structure and physiology during a woman’s lifetime. This hollow pear-shaped organ is 

composed of the upper muscular body (the corpus), an inferior taper (the isthmus) and 

the lowermost cervix. In a child the uterus is 2.5 cm long and 1 cm thick/wide, in a 

nulliparous post-pubertal woman the uterus is 7.5 cm long, 5 cm wide (at the fundus) 

and 2.5 cm thick (Geagan et al., 1997; Ross et al., 1995). 

The corpus comprises two thirds of the uterine mass and includes the upper domed 

fundus and the superolateral narrowed cornua which lead to the oviducts. 

The isthmus is a 1 cm long region between the lower corpus and endocervix, termed 

the lower uterine segment (LUS) during late pregnancy. During effacement, the cervix 

thins and shortens as it is incorporated into the lower uterine segment and allows 

dilation (Moore et al., 2011). 

The cervix is a barrel shaped tube (~3 cm in non-pregnant women, ~3-4 cm in pregnant 

women) containing the endocervical canal which is continuous with the uterine lumen 

at the internal os and with the vaginal canal at the external os (Londero et al., 2011). 

The intravaginal part of the cervix, which protrudes into the vagina is surrounded on all 

sides by a space, the vaginal fornix, which is deepest posteriorly. The endocervical 

mucosa is marked by prominent vertical folds on the anterior and posterior walls from 

which oblique folds radiate, these allow for dilatation during delivery (Coad and 

Dunstall, 2005). During pregnancy the endocervical mucosa produces a dense mucus 

plug which seals the endocervical canal (Miller, 1997; Sokol, 2011).  
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1.1.2 The uterine tubes 

The uterine tubes (oviducts, fallopian tubes) are paired ducts that extend laterally from 

the uterine horns. The oviduct lumen is continuous medially with the uterine lumen 

and laterally with the peritoneal cavity. The regions of the oviducts, from lateral to 

medial, are: the infundibulum, ampulla, isthmus and the intramural part which is 

contained within the uterine wall. The open end of the funnel-shaped infundibulum 

possesses long extensions called fimbria the longest of which is attached to the ovary. 

These fimbria are lined with cilia, which aid in coaxing the oocyte to enter the oviduct. 

The ampulla is a dilated portion comprising approximately half the length of the 

oviduct. The isthmus is a narrowed region which constitutes the medial third of the 

oviduct. The wall of the oviduct consists of an inner ridged mucosa, a muscular layer 

and the outer serous layer which is continuous with the mesosalpinx. 

1.1.3 The ovaries 

The ovaries are the female gonads and also an endocrine gland. They are attached to 

the lateral corpus via the ovarian ligament and to the infundibulum via the suspensory 

“ligament” of the ovary (infundibulopelvic ligament). The ovarian artery and vein travel 

from the ovary to the abdominal region in this suspensory ligament. 

1.1.4 Position and ligaments 

In the non-pregnant state the uterus is angled anteriorly (anteverted) relative to the 

long axis of the vagina and the corpus is also bent anteriorly (anteflexed) to lie on top 

of the bladder. Several so-called “ligaments” attach to the uterus and provide support. 

The cervix is associated with the paracervix, classically composed of the transverse 

cervical, pubocervical and sacrocervical ligaments (Ramanah et al., 2012). These are 

bilateral subperitoneal thickenings of pelvic fascia on the superior surface of the 

levator ani muscles. The transverse cervical (cardinal, Mackenrodt) ligaments are 

vessel-rich structures that tether the lateral cervix and corpus to a wide area of 

attachment on the lateral pelvic wall. The pubocervical ligaments pass anteriorly, 

either side of the neck of the bladder, from the cervix to the posterior pubis. The 

thicker sacrocervical (uterosacral) ligaments run from the posterolateral cervix 

posteriorly either side of the rectouterine pouch to the sacrum. The round ligaments, 
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remnants of the embryonic gubernaculum, extend anteriorly from the cornua, through 

the inguinal ring to the labia majora.  

The broad ligament is the inferior portion of the peritoneum which drapes over the 

uterus. It can be described in three parts, the mesometrium (which runs from the 

lateral margins of the uterus), the mesosalpinx (the upper part of the broad ligament 

forming the mesentery of the oviducts) and the mesovarium (a posterior out-pouching 

of the mesosalpinx, forming the mesentery of the ovary). The parametrium is 

composed of fibrous tissue, vessels and nerves between the layers of the broad 

ligament (Snell, 2008). 

 

Figure 1 The arrangement of the female reproductive system 

The gross arrangement of the female reproductive organs is shown  

 

1.1.5 Layers of uterine wall 

The uterine wall is 1-2 cm thick and is composed of three layers: the inner mucosal 

endometrium, a thick muscular myometrium and an outer serous perimetrium. The 

thickness of the endometrium may vary from 1 mm following menstruation to 14 mm 

before menstruation (Waldroup and Liu, 1997). During pregnancy the decidual 

reaction transforms the endometrium into the decidua, which prepares it for 

implantation. The changes involve the accumulation of glycogen and lipids in the 

stromal cells, leukocyte infiltration and extracellular matrix modifications. 
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The decidua is spatially differentiated relative to the implantation site, the decidual 

basalis underlies the implantation site, the decidua capsularis encapsulates the chorion 

and embryo, and the decidua parietalis lines the opposite uterine wall. With the 

growth of the fetus the uterine cavity decreases in size leading to opposition and 

fusion of the decidua capsularis and parietalis by the fourth month.  

The myometrium is covered in detail in section 1.4.  

The perimetrium is composed of the peritoneum which drapes over the uterus and an 

underlying layer of areolar periuterine fascia which is a continuation of the 

parametrium and the transversalis fascia (Sokol, 2011).  

 

1.2 DEVELOPMENT OF THE FEMALE REPRODUCTIVE ORGANS  

The internal female reproductive tract develops from the primitive paramesonephric 

(Müllerian) ducts; these develop as a tube-like invagination of the intra-embryonic 

coelom which runs in a caudal direction lateral to the mesonephric ducts toward the 

sinusal tubercle of the urethra. These ducts begin to fuse in a caudal to cranial 

direction with the contralateral equivalent to form the uterovaginal canal (future 

uterus and upper vagina). The cranial unfused portion of the paramesonephric ducts 

will develop into the oviducts and the cranial opening of the tubes will remain open as 

the infundibulum.  

The ovaries, which begin development in the lumbar region, are brought to their final 

by the gubernacula, these develop from a fold of intra-embryonic coelomic epithelium 

overlying the paramesonephric ducts. The cranial end of the gubernaculum attaches to 

the ovary, and the distal end of this structure opposes the ventral abdominal wall and 

pushes through its layers, forming the inguinal canal, to attach to the tissue 

surrounding the external inguinal opening (Attah and Hutson, 1991; Mitra, 2007). The 

gubernacula cross in front of, and attach to, the cranial point of fusion of the 

paramesonephric ducts (future uterotubal junction). This results in a medio-caudal pull 

on the ovaries as the fetus lengthens, bringing them into the pelvis between the layers 

of the broad ligament.  
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The uterus grows uniformly until the 3rd trimester, after this, the corpus responds to 

maternal estrogen and increases in size relative to the rest of the uterus. The drop in 

estrogen levels after birth causes a reduction in the size of the corpus, at this point the 

uterus is shaped like a cylinder and lies in the same axis as the vagina. As puberty 

approaches the ovaries begin to produce hormones which stimulate corpus growth, 

making the uterus more pear shaped. Pregnancies result in more growth, exaggerating 

this pear-shape.  The uterus, and especially the myometrium, regresses after 

menopause (Miller, 1997).  

 

1.3 COMPARATIVE ANATOMY OF THE UTERUS 

The degree of fusion of the paramesonephric ducts is responsible for the major 

differences observed in the reproductive tracts of lower animals, in eutheria (placental 

mammals) the oviducts, and usually, uterus, remain as paired ducts, in monotremes 

and marsupials this is also true with the addition of a paired vagina (Mossman, 1989). 

The types of uteri present in eutheria include the simplex, bicornuate and duplex uteri. 

The simplex uterus (possessed by humans) has a single uterus and cervical canal. In the 

bicornuate uterus the upper 5-50% of the uterus is separated, and opens into a single 

cervical canal. The duplex uterus consists of two uteri opening up into individual 

cervical canals which may open jointly or separately into the vagina.  

Uteri of primitive eutheria probably evolved from the egg-transporting tube of egg-

laying mammals and so were similar to the duplex uterus of marsupials. The 

development of the unpaired vagina may have allowed subsequent fusion of the 

paramesonephric ducts, progressing from an exaggerated bicornuate uterus to a short 

bicornuate to a simplex type uterus. This theory is supported by the observation of 

reproductive tracts in primitive and more modern animals. Monotremes and 

marsupials possess a paired genital tract, primitive eutherians possess duplex or 

exaggerated bicornuate uteri and more modern eutherians possess short bicornuate 

or simplex uteri.  
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The gubernaculum attaches to the paramesonephric duct the level of the future 

uterotubal junction, cranial to the point of fusion of the two ducts. This is observed in 

the development of simplex, as well as duplex and bicornuate uteri, demonstrating 

that the simplex uterus must form from the unfused and fused part of the uterine 

portion of the paramesonephric ducts. This may explain the complex arrangement of 

muscle fibre orientation in the simplex uteri (Ramsey, 1994; Goerttler, 1930).  

Duplex and long bicornuate uteri generally gestate larger numbers of fetuses at one 

time compared to simplex and short bicornuate uteri, although there are exceptions to 

this trend including; the panda, sea otter, seals, walruses and several rodents. The 

evolutionary trend seems to be towards a smaller number of young per pregnancy, 

this may be part of the reason for the development of short bicornuate and simplex 

uteri. 

In duplex uteri multiple gestations, the fetuses are generally born in order from caudal 

to cephalic and are usually born within the fetal membranes unlike single or double 

births. The reason for this is that single and double births possess an umbilical cord 

long enough that they can remain connected to the undetached placenta during birth 

whereas multiple litter fetuses possessing short umbilical cords and would be deprived 

of oxygen if their membranes were to rupture before birth. 

The type of uterus that has evolved in a species has been suggested to be related to 

habitat, behavioural patterns, litter size and gestational length. Simplex uteri are more 

often present in very active animals, with longer gestations and smaller litters of 

precocious young.  

The combination of hemomonochorial villous placenta, rudimentary yolk sac and 

underdeveloped or absent allantoic vesicle seen in anthropoids occurs only in 

conjunction with a simplex uterus, in duplex or long bicornuate uteri many variations 

of placenta are seen (epitheliochorial, endothelialchorial, hemoendothelial) except this 

form, this is intuitive if the anthropoid form represents the most recently evolved type 

of placenta and uterus. 
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The haemomonochoroidal villous placenta is also seen in the guinea pig, the guinea pig 

shares several other obstetric features with humans including: precocious young, 

considerable steroidogenesis in the placental membranes, age-related increased rates 

in dystocia, possible functional withdrawal of progesterone (Mitchell and Taggart, 

2009). This may indicate that the guinea pig may be a more relevant animal model 

than the commonly used mouse or rat. 

The degree of descent of the ovaries influences the arrangement of the broad ligament, 

in rabbits, the ovary does not migrate greatly so the adult mesovarium and 

mesosalpinx extend in a cephalocaudal direction. Whereas, in rats, the ovary and 

oviduct migrate to the uterus, resulting in a much shortened mesosalpinx. 

 

1.4 THE ANATOMY OF THE MYOMETRIUM 

1.4.1 Layers of the myometrium and muscle fibre orientation 

In primates, the myometrial layers are not as distinct as the inner circular and outer 

longitudinal layers of lower animals.  The human myometrium is arranged in an ill-

defined inner, approximately circular, stratum subvasculare, an intermediate, spirally 

arranged, vascular stratum vasculare and an outer, approximately longitudinal, 

stratum supra-vasculare (Leyendecker and Wilds, 2012). Ontogenetically, the stratum 

subvasculare, along with the endometrium, are derived from the paramesonephric 

ducts and represent a more evolutionarily primitive portion of the uterus,  hence these 

are termed the archimetra (Noe et al., 1999). The outer layers are derived from peri-

paramesonephric duct tissue, these are phylogenetically more recent, and so are 

termed the neometra. The muscular portion of the archimetra, the archimyometrium, 

can be distinguished on MRI and ultrasonography as a hypodense zone, the “junctional 

zone”. Functional differences may exist between the archimyometrium and 

neomyometrium, for example the expression of estrogen and progesterone receptors 

of the inner layer are cyclically regulated whereas those of the outer layer are not (Noe 

et al., 1999). 
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 Morphological differences may also exist between the layers, a greater nuclear-

cytoplasmic ratio, more CD31 staining and less water content has been observed in the 

junctional zone compared to the rest of the myometrium (Tetlow et al., 1999). It has 

been suggested that this zone may play a role in the ability of the uterus to contract in 

anterograde and retrograde directions (Aguilar and Mitchell, 2010b).  

Analysis by diffusion tensor magnetic resonance imaging of five non-pregnant uteri ex 

vivo indicated that muscle fibers in the myometrial layers are arranged into a common 

principle architecture (Weiss et al., 2006). This consisted of a layer of circular fibers in 

the oviducts that merged at the uterotubal junction to form the inner approximately 

circular layer of the corpus. There was no obvious global orientation of the fibers 

outside this circular layer. Previous studies examining myometrial fibre orientations 

have imaged 50-100 µm thick haematoxylin stained myometrial sections with 

polarized light (Wetzstein, 1965; Wetzstein and Renn, 1970). Their observations 

support the existence of a circular inner layer, they describe the fibers of the 

intermediate layer as running in all directions and those in the outer layer as arranged 

in four vertical tiers. It is thought that the criss-crossing orientation of the fibers of the 

intermediate stratum vasculare act as ligatures of the vessels in this layer when they 

contract, preventing excessive blood loss postpartum. In the cervix there is more 

connective tissue and a smaller muscular component which is arranged into more 

distinct outer circular and inner longitudinal layers (Weiss et al., 2006).  

1.4.2 The microanatomy of the myometrium 

The myometrium is primarily composed of smooth muscle cells (SMC).  These group 

together in bundles surrounded by connective tissue which may, in turn, group 

together to form a fasciculus. The bundles and fasciculi are surrounded by an 

extracellular matrix (ECM) containing collagen and elastin fibers interspersed between 

nerve fibers, vascular cells, fibroblasts, telocytes and immune cells. 

The amount of connective tissue and smooth muscle varies throughout the different 

regions of the uterus (Ludmir and Sehdev, 2000; Metaxa-Mariatou et al., 2002). Some 

authors claim that there is a higher proportion of muscle in the subserosal and 

junctional layers as compared to the intermediate layer, and less in the lateral walls as 

compared to the anterior and posterior walls (Cunningham et al., 2005; 1991).  
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There is thought to be a decreasing gradient of smooth muscle content from fundus 

(40%-65% muscle) to cervix (8-10%) (Schwalm and Dubrauszky, 1966). The muscular 

tissue of the isthmus and cervix are not well developed as to allow for effacement and 

dilatation during labour. 

The myometrial muscle (Cunningham et al., 2005; Ramsey, 1994) and connective 

tissues (Woessner and Brewer, 1963) undergo extensive growth during pregnancy. The 

uterus increases in weight from 50-75 g to 1200-1300 g over the course of pregnancy 

(Shynlova et al., 2006; Young, 2007; Johansson, 1984). Regions of the myometrium 

opposite the placenta undergo additional specialisation. Dessouky describes a 

modified smooth muscle layer in the basal decidua composed of small groups of 

myocytes with multiple processes, well developed basement membrane, large 

interspaces between cells, abundant glycogen and a small amount of loosely arranged 

myofilaments (Dessouky, 1976). He suggests this layer of cells may act as a buffer zone 

absorbing the force of contraction between the contracting myometrium and the non-

contracting decidua. These cells exhibit morphological features of secretory cells such 

as well-developed rough sarcoplasmic reticulum (SR) and golgi apparati, and many 

small oval mitochondria with dense matrix and lamellar cristae. The authors theorise 

that these cells may be involved in the synthesis of an ECM which prevents excessive 

trophoblastic invasion of the myometrium. 

1.4.3 Ultrastructure of the myometrial smooth muscle cells 

1.4.3.1 Smooth muscle cells 

The muscle cells of the uterus may vary in size considerably, measuring 2-10 µm in 

diameter to 200-600 µm in length with an average volume of 21,000 µm3 (Cole and 

Garfield, 1989a; Csapo, 1962). Studies have described myometrial SMCs as long spindle 

shaped cells with an irregular outline (Garfield and Yallampalli, 1994; Kao, 1989). A 

surface area of 23,000 µm2 was calculated based on these volume measurements and 

a general smooth muscle surface-to-volume ratio of 0.9 µm-1  (Garfield and Somlyo, 

1985), other studies report a surface to volume ratio of between 1.5-2.7 µm-1 (Gabella, 

1981). This high surface to volume ratio is due to the highly irregular cell surface of 

these cells which appears to become more exaggerated in the pregnant compared to 

the non-pregnant state (Dessouky, 1969). 
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1.4.3.2 Nuclei 

The nucleus is located centrally in the myometrial cells. It has been reported that 

nuclear volume is larger in pregnant human myometrium as compared to the non-

pregnant state (Seymour, 1997). Myometrial nuclear volume was found not to differ in 

samples from the upper and lower uterine segments, nor at different phases of the 

menstrual cycle (Seymour, 1997). 

1.4.3.3 Mitochondria 

Mitochondria are usually spherical or tubular in shape and are found at the perinuclear 

poles in association with rough SR and golgi or orientated longitudinally among 

myofilaments or smooth SR and caveolae (Laguens and Lagrutta, 1964; Dessouky, 

1976; Somlyo and Somlyo, 1971; Devine and Rayns, 1975). The volume fraction of 

mitochondria (i.e. proportion of the volume composed of mitochondria) in various 

smooth muscle types ranges from 3-9% and is thought to increase during pregnancy 

(Somlyo, 1980; Gabella, 1981; Laguens and Lagrutta, 1964). In the myometrium, 

mitochondria function in oxidative phosphorylation and may also play a role in 

modulating cytosolic Ca2+ (see section 1.7.3.6).  

1.4.3.4 Contractile apparatus, dense bodies and dense plaques   

Myofilaments, intermediate filaments and dense bodies (DB) compose 80-90% of the 

cell volume (Broderick and Broderick, 1990). The contractile apparatus consists of a 

network of actin (thin) filaments and myosin (thick) filaments directed approximately 

parallel to the long axis of the cell. Cell contraction is thought to occur by an increase 

in the overlap between actin and myosin filaments via the sliding filaments mechanism 

this is covered in more detail in section 1.7.1. 

Actin microfilaments (F-actin) are polymerised helices of globular actin (G-actin) with a 

positive (plus, barbed) end and a negative (minus, pointed) end (Li and Gundersen, 

2008; Pollard and Cooper, 1986). G-actin is preferentially added at the plus end. Actin 

filaments are anchored to dense bodies, electron dense areas dispersed in the 

cytoplasm. DB are analogous to the Z-bands observed in skeletal muscle, they contain 

the actin-binding protein α-actinin (Schollmeyer, 1976) and the orientation of actin 

filaments is opposite on either side of the dense bodies, the plus (growing) end 
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pointing away from the DB (Bond and Somlyo, 1982; Tsukita et al., 1983). DBs exhibit a 

fusiform morphology orientated longitudinal to the long axis of the cell with a 

diameter of approximately 0.1  µm and a length of up to 1.5 µm (Cole and Garfield, 

1989b; Bond and Somlyo, 1982). DBs are thought to be organized into a semi-rigid 

arrangement at regular intervals along the long axis of the cell (Kargacin et al., 1989). 

DB are associated with β-actin, which forms part of the cytoskeleton, and with an 

intermediate filament network which links them together and to the cell membrane, 

allowing transduction of force from the contractile machinery to the cytoskeleton and 

membrane (Aguilar and Mitchell, 2010a).  

Dense plaques (DPs) (also known as dense bands, dense ribs, and membrane 

associated dense bodies) are electron dense areas found at the cell membrane, they 

act as an attachment bridge between the cytoskeleton, actin filaments and the cell 

membrane. DP are 30-40 nm thick and 0.2-0.4 µm wide and they may run for several 

micrometres circumferentially around the cell (Gabella, 1997).  Gabella estimated the 

percentage  of SMC membrane associated with DP at 30-50% in midregions and 

approaching 100% in terminal portions of cells (Gabella, 1981) (Cole and Garfield, 

1989b). DP are often seen at intermediate junctions, areas of closely opposing 

membranes of two SMCs, where they may play a role in mechanical coupling of the 

cells. There is also evidence that DP are areas of attachment to the ECM (Taggart and 

Morgan, 2007). DP are thought to be arranged in a highly ordered manner which may 

be related to the stresses imposed on the cell (Davis and Shivers, 1992). 
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Figure 2 The contractile apparatus of smooth muscle cells 

The arrangement of the contractile proteins is shown. Dense bodies and plaques 

are connected by an intermediate filament network. Actin filaments attach to 

dense bodies and are associated along their length with myosin filaments. The 

myosin filaments may pull on the actin filaments, increasing the area of overlap 

between these two filaments, thus bringing dense bodies and dense plaques 

closer together and shortening the cell. The arrangement of dense bodies and 

plaques is approximate to the long axis of the cell and results in a corkscrewing 

of the cell upon contraction. 
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Figure 3 Ultrastructure of dense bodies and plaques 

The image shows a transmission electron micrograph of term human 

myometrium. The visible structures of the contractile apparatus are labelled. 

Mitochondria may also be seen in association with rough sarcoplasmic reticulum. 

DB: dense body, DP: dense plaque 

 

During pregnancy, myometrial SMC remodel in response to stretching forces, and this 

leads to changes in mechanotransduction and force production (Wu et al., 2008). 

These changes may be due to alterations in the contractile apparatus, such as the 

increase in the expression of DP-associated proteins (focal adhesion kinase (FAK), 

paxillin, (Wu et al., 2008), heat shock protein 27 (White et al., 2005), ERK ½ (Li et al., 

2004)) and an increase in DB size and number (Laguens and Lagrutta, 1964; Dessouky, 

1969; Althoff and Albert, 1970) which are associated with pregnancy. There are also 

increases in DP number and size associated with pregnancy (Dessouky, 1969; Althoff 

and Albert, 1970). 
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1.4.3.5  Lipid Rafts and Caveolae 

Lipid rafts are areas of the plasma membrane (PM) rich in cholesterol and sphingolipid, 

they demonstrate decreased fluidity compared to the rest of the membrane, hence 

the term “rafts”. They bear high concentrations of ion channels, receptors and 

enzymes (Brainard et al., 2005). Caveolae may be considered as a type of lipid raft 

which have a discrete shape due to the caveolin proteins that stabilize it (Noble et al., 

2006b; Hagiwara et al., 2002). These are flask-shaped invaginations of the PM which 

measure 70 nm across and 120 nm long, with a neck that narrows to 35 nm near the 

PM (Cole and Garfield, 1989b). The number and size of caveolae are not affected by 

the state of contraction of the cell and may cover >30% of the surface of the cell 

(Gabella and Blundell, 1978; Cole and Garfield, 1989b). The abundance of caveolae is 

reduced by estradiol (E2) in rat myometrium and was found to increase from mid-

gestation onwards (Turi et al., 2001). Freeze-fracture studies show that integral 

membrane proteins are more concentrated around caveolae and less concentrated in 

the region of DP (Devine and Rayns, 1975; Gabella, 1984). Lipid rafts may be linked to 

estrogen and oxytocin signalling, as disruption of these rafts can increase and reduce 

their activity respectively (Zhang et al., 2005; Klein et al., 1995).  

1.4.3.6  Sarcoplasmic reticulum and golgi apparati 

The SR is a closed reticular system of tubules and cisternae in the cytoplasm (Garfield 

and Somlyo, 1985), it makes up 2-7% of the myocyte volume and is considerably more 

developed during pregnancy (Garfield and Somlyo, 1985; Somlyo, 1985; Shmygol and 

Wray, 2004; Cole and Garfield, 1989a). Smooth SR is mainly found in close 

approximation (12-20 nm separation) to the PM but is also found in deeper regions. 

Regular electron opaque linking structures have been observed in the space between 

the SR and PM (Cole and Garfield, 1989a). Their function is not clear but it has been 

suggested that they may serve to maintain this close contact between the SR and PM 

(Cole and Garfield, 1989b). SR has also been observed in close communication with 

nuclear membrane, caveolae and gap junctions (Cole and Garfield, 1989b; Garfield and 

Somlyo, 1985). These areas of proximity may be physiologically important 

“microdomains” involved in Ca2+ and sodium signalling (Noble et al., 2006b). The SR 

plays an important role as a calcium store and may provide Ca2+ for the contractile 
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machinery in deeper areas of the cell (Cole and Garfield, 1989b). The rough SR, less 

extensive than the smooth counterpart, is often associated with mitochondria and 

golgi apparati in the perinuclear poles. It has been shown to increase during pregnancy 

or estrogen administration, probably in relation to an increase in protein synthesis 

(Garfield and Somlyo, 1985; Cole and Garfield, 1989b).  

When not associated with rough SR, ribosomes are found at perinuclear poles in 

association with Golgi complexes and mitochondria (Cole and Garfield, 1989b). 

Myocytes contain large amounts of golgi lamellae and vacuoles in the perinuclear 

poles and in association with rough SR and lysosomes. These likely participate in 

secretory, synthetic, degradation and membrane protein glycosylation roles (Cole and 

Garfield, 1989b). Golgi abundance is greatly increased in term myometrium as 

compared to the non-pregnant state (Laguens and Lagrutta, 1964). 

1.4.3.7 Cell junctions 

Intermediate junctions are found where the dense plaque-bearing membranes of two 

cells oppose. The 50 nm gap between the membranes contains an electron-dense 

filamentous material (Cole and Garfield, 1989b). These allow cell adhesion and the 

transmission of contractile force between cells. 

Gap junctions (GJ) are collections of specialized inter-cellular channels linking the 

cytoplasm of adjoining cells. They are involved in many cell processes including the 

propagation of action potentials among cells in the myometrium (Sims et al., 1982). 

The basic unit of a GJ is a membrane protein called a connexin; each connexin consists 

of four transmembrane domains, two extracellular loops, an N terminal, a variable 

cytoplasmic loop and a C terminal. There are 21 known connexin isoforms, of which, 

four are known to be present in the myometrium (Cx26, Cx40, Cx45 and the most 

prominent Cx43) (Lang et al., 1991; Kilarski et al., 1998). Connexins are named 

according to their molecular weight so homologous connexins in different species may 

have different names. Connexins (Cx) are synthesised by rough SR, they oligomerise 

(homotypically or heterotypically) in the SR and golgi in groups of six to form 

hemichannels called connexons. They are then delivered to the PM via direct transfer 

from the SR or via actin or microtubule networks (Dbouk et al., 2009). 



Chapter 1 Introduction 

 

16 

 

 Connexons can function in the release of substances into the extracellular space or 

can align with a (homotypic or heterotypic) connexon from an adjacent cell to form a 

GJ (Evans et al., 2006). Gap junctions cluster into plaques in the PM leaving a 2-3 nm 

space between opposing membranes (Bruzzone et al., 1996; White and Paul, 1999). 

These plaques may increase or decrease in size, new connexons are added to the 

periphery of the plaque while the older proteins in the middle are internalised into the 

cell and degraded or recycled (Dbouk et al., 2009). 

Gap junction expression in the myometrium is up-regulated at parturition and is 

associated with increased conductance of the tissue. The surface area of myometrial 

PM associated with gap junctions may vary, from 0.001% in the non-pregnant 

nulliparous rat, to 0.4% in the pregnant state. This is regulated by the hormone 

environment (Cole and Garfield, 1989b); progesterone and estrogen suppress and 

increase connexin expression at term respectively (Chwalisz et al., 1991; Di et al., 

2001). Blockade of GJ is associated with abolition of contractions, and a lower 

expression of Cx43 has been associated with prolonged labour (Sims et al., 1982; Cluff 

et al., 2006). The expression of other isoforms also changes with gestation; Cx23 is 

highest in the third trimester but reduces at term whereas Cx45 is present in 

myometrium of non-pregnant and early pregnant women but decreases thereafter 

(Albrecht et al., 1996). In rats Cx43 expression in the cytoplasm increases towards 

term, at which point it is incorporated into the membrane and forms plaques, 

following delivery these plaques are internalised and Cx43 expression returns to 

baseline levels within five days (Hendrix et al., 1992). Synthesis and membrane 

incorporation are accelerated in preterm labour models, but plaque formation is still 

closely related to onset of parturition suggesting plaque formation is a necessary 

requisite for normal and preterm labour (Balducci et al., 1993). GJ may also allow 

selective passage (based on connexin composition) of small ( <1.2 kDa) substances 

other than Ca2+, such as inositol 1, 4, 5-trisphosphate (IP3), and this may play a role in 

modulating the excitability of cells (Goldberg et al., 2004; Fry et al., 2001; Lawrence et 

al., 1978). 
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Figure 4 Gap junction structure 

The opposing cell membranes of two cells are shown; a gap junction bridges the 

two intracellular spaces. Each gap junction is formed from 2 connexon 

hemichannels, which in turn, are each formed from 6 connexin proteins. 

 

1.4.3.8  Intracellular inclusions including lipid droplets 

Myometrial cells contain many inclusions such as lysosomes, residual, and 

multivesicular bodies. These are especially abundant during pregnancy and 

postpartum involution due to their function in anabolism and catabolism respectively 

(Cole and Garfield, 1989b). 

SMC also contain lipid droplets (LDs), these are intracellular accumulations of 

triacylglycerols surrounded by a phospholipid monolayer (Fujimoto et al., 2008). In 

non-adipocyte cells, LDs function in intracellular lipid homeostasis and other diverse 

cellular functions such as β-oxidation, membrane biogenesis, signalling, protein 

storage, lipidation and degradation (Fujimoto et al., 2008). Usually the core of the 

droplet consists solely of lipid but, in some cells, ribosome bound membranes and 

lamellar membrane structures have been observed within LD (Wan et al., 2007; 

McGookey and Anderson, 1983).  
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1.4.4 The ultrastructure of the extracellular matrix of the myometrium 

In the non-pregnant state, myometrial ECM has been described as a intermediately 

electron-dense homogeneous ground substance interspersed with a variable amount 

of randomly organised collagen fibrils (Dessouky, 1969). A thin basement membrane is 

described surrounding SMCs. In the late pregnant state, there is an increase in 

extracellular material including collagen (Dessouky, 1969). The basement membrane 

demonstrates increased thickness during pregnancy and closely follows outline of the 

extensive outpouchings and long projections of cell membrane seen at this time 

(Dessouky, 1969). 

 

1.5 THE VASCULATURE OF THE INTERNAL FEMALE REPRODUCTIVE ORGANS 

The main vascular supply to the uterus is via the uterine arteries which derive from the 

anterior divisions of the internal iliac arteries. The uterine arteries travel inferomedially 

to the uterus, within the layers of the broad ligament, anterior to the ureters. From 

here the arteries run superiorly along the lateral border and provide arcuate branches 

which run on the anterior and posterior aspects of the oviduct, uterus, cervix and 

upper vagina. Superiorly, the uterine arteries join the ovarian arteries (Pansky and 

Gest, 2013). The ovarian and vaginal arteries form extensive anastomoses with the 

uterine arteries. 

The veins of the uterus drain into the uterine plexuses which lie lateral to the uterus 

within the broad ligament and anastomose with the ovarian and vaginal plexuses. The 

uterine plexuses drain inferiorly into the right and left uterine veins which drain into 

the ipsilateral internal iliac vein. These veins enlarge considerably during pregnancy 

(Gray and Lewis, 1918).  

The lymphatic vessels of the uterus consist of deep vessels within the organ 

parenchyma and superficial vessels just under the peritoneum. These vessels, and 

vessels from the oviduct and ovary, run within the broad ligament and suspensory 

ligament of the ovary to drain mainly to the lateral and preaortic lumbar glands, some 

run along the round ligament and drain to the superficial inguinal nodes with 

lymphatics of the lower part of the vagina. The superficial inguinal nodes drain to the 
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deep inguinal nodes then to pelvic nodes which drain to lumbar lymph nodes. The 

lymphatics of the cervix and vagina drain to the external, internal and common iliac 

nodes, these drain to the common iliac nodes which drain to the lateral lumbar nodes. 

The lumbar nodes drain either directly to the thoracic duct or to the lumbar trunks 

which terminate in the cisterna chyli (Gray and Lewis, 1918).  

1.5.1 The vasculature of the myometrium 

Anterior and posterior arcuate vessels which branch from the uterine artery and travel 

circumferentially around the uterus in the stratum vasculare the myometrium form an 

anastomotic ring. Arcuate arteries give rise to arteries that run centrifugally to the 

perimetrium and form an outer plexus circumferentially around the organ. The arcuate 

arteries also give rise to tortuous radial arteries which run towards the uterine lumen. 

Prior to the endometrial-myometrial junction, these radial arteries give rise to short 

stubby basal arterioles and coiled spiral arterioles that supply the endometrium.  

The coiled nature of the spiral arterioles is thought to allow for the stretching induced 

by the hypertrophy of pregnancy, which results in a straightening of these arterioles 

from the second trimester onward (Farrer-Brown et al., 1970). Spiral arterioles feed 

capillary networks that surround groups of SMC. Histologically, the spiral arterioles 

contain a decreasing gradient in elastic content as they progress to the lumen. Those 

at the myometrial-endometrial junction possess prominent subendothelial and 

adventitial elastic membranes and intermuscular elastic fibrils whereas those at the 

closer to the lumen contain only loose elastic fibrils. Arteries in the decidua basalis 

contain little elastic tissue but are highly muscular and may intermittently contract to 

help drive the placental circulation (Metaxa-Mariatou et al., 2002; Ramsey, 1989). 

Constrictions of arteries at the level of the myometrial-endometrial junction in 

response to hormonal stimuli result in the ischemia which leads to menstruation. The 

spiral arterioles are responsive to these stimuli whereas the basal arterioles are 

unaffected (Ramsey, 1989). 
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Spiral arterioles are perpendicular to the uterine wall whereas uterine veins are 

arranged parallel to the wall so that upon myometrial contraction the veins are 

collapsed but the arteries remain open, ensuring the intervillous space is not emptied 

of blood during the contraction (Wang and Zhao, 2010). Many uterine veins are 

obliterated by the force of the growing fetus, and the remaining veins must enlarge to 

compensate for their loss (Ramsey, 1989).  

Aitkenson described the vascular system of myometrium of parous non-pregnant 

women they found a decreasing gradient of vascular smooth muscle, vessel size, wall 

thickness and tortuosity from outer to inner myometrium but found a uniform 

capillary density throughout the myometrium (Aitken et al., 2006). 

 

 

Figure 5 The arterial vasculature of the uterus 

The paired uterine arteries give rise to and outer plexus of arteries that encircle 

the organ and an inner plexus of arcuate vessels that run in the myometrium. 

These arcuate arteries give rise to tortuous radial arteries that run toward the 

lumen and branch into short stubby basal arterioles and coiled spiral arterioles. 
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1.6 INNERVATION OF THE INTERNAL FEMALE REPRODUCTIVE ORGANS 

Reproductive system structures above the lower vagina are supplied solely by the 

autonomic nervous system, these are more concentrated at the tubal end of the 

uterus relative to the corpus, and in the stratum vasculare relative to the other layers 

(Moscarini et al., 1982; Owman, 1981; Zoubina et al., 1998; Coupland, 1962; Cha et al., 

1965; Wa̧sowicz et al., 1998; Dujovne et al., 1976; Fried et al., 1986)..  

Acetylcholine (Ach) acting on parasympathetic nerves stimulates myometrial 

contraction (Gruber, 1933).  Noradrenaline may act on α1 and α2 adrenergic receptors 

on sympathetic nerves to induce contraction and adrenaline, acting on β2 and β3 

receptors, may oppose contraction, the latter are reduced at labor (Bottari et al., 1985; 

Dennedy et al., 2002; Boyle and Digges, 1982; Stjernquist and Owman, 1985; Shew et 

al., 1990; Owman, 1981). The raised progesterone levels of pregnancy result in an up-

regulation of β2 receptors and pregnancy progresses there is also a profound loss of 

adrenergic nerves in the myometrium, this may aid the maintenance of quiescence 

(Zoubina et al., 1998; Wikland et al., 1984; Latini et al., 2008). Parasympathetic 

activation of muscarinic cholinergic receptors, may affect blood flow via vasodilation 

and sympathetic activation of α adrenergic receptors may induce vasoconstriction 

(Sato et al., 1996).  

General visceral afferent nerves are also present, rat studies suggest that pelvic 

parasympathetic efferent nerves trigger increased blood flow to the uterus and uterine 

contraction following stimulation of the perineal skin via a segmental spinal reflex 

mechanism (Hotta et al., 1999).  Sensory nerves may be involved in feedback to the 

hypothalamus to induce oxytocin secretion during labour (Nakanishi and Wood, 1971). 

Neurons utilizing nitric oxide (NO), vasoactive intestinal polypeptide (VIP), substance P, 

neuropeptide Y and calcitonin-regulated peptide have also been identified in the 

uterus although their function is less understood (Sato et al., 1996; Alm et al., 1980; 

Papka, 1990; Alm and Lundberg, 1988; Alm et al., 1988b; Alm et al., 1988a; Happola et 

al., 1991; Mitchell and Ahmed, 1992). 
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1.7 THE PHYSIOLOGY OF HUMAN MYOMETRIAL SMOOTH MUSCLE  

Uterine muscle is smooth muscle in nature and exhibits spontaneous (myogenic) 

contractions which occur due to interactions between myosin and actin filaments, 

these interactions depend on oscillations in intracellular Ca2+. 

1.7.1 The contractile apparatus and sliding filaments theory 

The contractile apparatus of SMCs consists of a network of thin (alpha and gamma 

actin) and thick (myosin II) filaments in a ratio of 6:1, which are arranged parallel to 

each other and approximately parallel to the long axis of the cell (Draeger et al., 1990; 

Word et al., 1993b). In smooth muscle, myosin is mainly type II which is composed of 

two heavy chains (MHC), each consisting of an actin-binding “head”, a hinge-like 

“neck” and “tail”, and two light chains (MLC20 and MLC17) which associate with the 

myosin “neck” and serve a regulatory function (Gorecka et al., 1976).  

Myosin and actin filaments lie parallel to each other and at the region of overlap the 

myosin heads can form cross bridges with actin, the binding of an adenosine 

triphosphate (ATP) molecule to myosin induces a conformational change of the myosin 

neck and a detachment from actin which moves the myosin head to a position further 

along the actin filament. The ATP molecule is then hydrolysed to adenosine 

diphosphate (ADP) and a free phosphate (P), causing rebinding to actin. The phosphate 

is then released causing a further conformational change, the “power-stroke”, during 

which the myosin neck reverts to its original angle pulling the actin filament and 

increasing the overlap by 10 nm. The ADP is then released  allowing a new ATP 

molecule to bind and restart the cycle. Actin filaments are anchored to dense bodies 

which connect, via intermediate filaments, to dense plaques at the cell membrane and 

to the cytoskeleton. Thus, when myosin filaments exert a pull on actin filaments this 

can lead to shortening of the cell (Pehlivanoglu et al., 2013).  
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Figure 6 The sliding filaments mechanism 

The arrangement of actin and myosin is shown. ATP: adenosine triphosphate, 

ADP: adenosine diphosphate. P: free phosphate molecule 

 

 

1.7.2 Excitation contraction coupling 

The excitation-contraction coupling of myometrium is mediated by Ca2+, similarly to 

other smooth muscle types. The resting membrane potential of uterine smooth muscle 

is between -35 and -80 mV (Sanborn, 1995). This is maintained by ion channels in the 

cell membrane. The cell may be depolarised by an influx of Ca2+ from extracellular fluid 

or from a release from intracellular stores (mainly SR) (Matthew et al., 2004a). 

The sarcoplasmic reticulum (SR) is an important Ca2+ store, release is mediated by two 

mechanisms: IP3 and Ca2+ (Pehlivanoglu et al., 2013). The former depends on agonists 

binding to G-protein coupled receptors on the cell membrane which stimulates 

membrane phospholipase C (PLC) to cleave phosphatidylinositol biphosphate (PIP2) to 

diacylglycerol (DAG) and IP3. IP3 then binds to IP3-gated Ca2+-release channels (IP3R  I-III, 

predominantly IP3R I) on the SR causing Ca2+ release from the SR. Ryanodine-sensitive 

Ca2+ channels (RyR1-3, predominantly RyR3) are also expressed on the SR of myometrial 

cells, these release Ca2+ from the SR in response to raised levels of cytosolic Ca2+, this 

process is termed Ca2+-induced Ca2+ release (CICR) (Martin et al., 1999b; Wray et al., 

2003). 
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The significance of the RyR in labour is controversial, with suggestions that RyR3 is not 

functional in the myometrium, but that RyR2 levels may be up-regulated during 

pregnancy (Wray and Shmygol, 2007; Martin et al., 1999a; Tribe et al., 2000). Cyclic 

ADP ribose (cADPR) which increases the sensitivity of RyR3 to Ca2+ is also up-regulated 

during pregnancy (Dogan et al., 2004). There is also evidence for a substantial passive 

release of Ca2+ from the SR not mediated by IP3R or RyR which is normally balanced by 

reuptake of Ca2+ into the SR at a rate sufficient to maintain a three-fold higher 

concentration of Ca2+ in the SR relative to the cytosol under normal conditions (Wray 

and Shmygol, 2007). 

If the cell is depolarised to an extent greater than the activation threshold of T-type 

Ca2+ channels in the sarcolemma, these channels open and allow an influx of Ca2+ into 

the cell. This Ca2+ causes further depolarisation which may open other Ca2+ channels, 

such as the voltage-activated dihyropyridine-sensitive L-type Ca2+ channels (LTCC) the 

most abundant Ca2+ channel which has an activation threshold of-40mV (Sanborn, 

2000).  

Cytosolic Ca2+ becomes associated with the Ca2+-binding protein calmodulin, this 

complex causes a conformational change in the enzyme myosin light chain kinase 

(MLCK), allowing MLCK to phosphorylate the MLC20. This increases the rate of cross 

bridge cycling, resulting in contraction.  

Relaxation is attained by removal of the contractile stimulus or by inhibition of the 

contractile mechanism, in either case this involves lowering of intracellular Ca2+ levels 

by closure of Ca2+ influx channels and opening of Ca2+ efflux channels. Lower 

intracellular Ca2+ levels, leads to the dissociation of Ca2+ from calmodulin and thus, 

reduced levels of MLCK activation. When intracellular Ca2+ levels are low myosin light 

chain phosphatase (MLCP, myosin phosphatase) dephosphorylates the myosin light 

chain, inducing relaxation. Ca2+ leaves the cell mainly (70%) by the plasma membrane 

Ca2+-ATPase (PMCA) and secondarily (30%) by the Na+-Ca2+ exchanger (Na+-Ca2+ X). Na+-

Ca2+ exchanger activity is determined by the transmembrane sodium gradient 

(Matthew et al., 2004b). The low level of intracellular sodium is maintained by the Na+ 

K+-ATPase pump which removes sodium from the cell, the lower intracellular sodium 

then stimulates the Na+-Ca2+ exchanger to remove Ca2+ from the cell.  
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The SR acts as an important Ca2+ sink, Ca2+ is returned to the SR via the 

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) (Tribe et al., 2000). If the Ca2+-

ATPase and Na+-Ca2+ exchangers are blocked, the SERCA alone is not sufficient to 

lower cytosolic Ca2+. This suggests that the SR may act to lower intracellular Ca2+ by 

taking up cytosolic Ca2+ and releasing it in areas where SR membrane is closely 

opposed to areas of plasma membrane expressing many Ca2+-ATPase and Na+-Ca2+ 

exchangers (Shmigol et al., 1999; Matthew et al., 2004c). The SR may also play a role in 

the regulation of resting membrane potential by influencing Ca2+ activated potassium 

and chloride ion channels at the plasma membrane in these areas (Li et al., 2003; 

Pacaud et al., 1989; Smith et al., 2002). 

 

Figure 7 Signalling pathways I 

This figure overleaf shows examples of the pathways involved in myometrial 

contraction and relaxation. Calcium may enter the cytosol via cell membrane-

bound calcium channels or by release from SR stores.  The mechanism that may 

stimulate calcium release from stores is detailed, IP3 released from agonist 

mediated cleavage of PIP2 may bind to IP3 receptors on the SR and cause calcium 

release, in turn, ryanodine receptors may be activated to allow further efflux 

from the SR. Cytosolic calcium forms a complex with calmodulin to stimulate 

MLCK and hence phosphorylation of the myosin light chain, increasing 

contraction. Calcium is removed from the cytosol via uptake into the SR and 

efflux from the cell via the SERCA and PMCA respectively. 

Ca2+:  calcium, CaMK II: Ca2+/calmodulin-dependent protein kinase II , DAG: 

diacylglycerol, IP3: inositol triphosphate, IP3R: IP3 receptor, K
+
: potassium, LTCC: L 

type Ca2+ channel, MLC20: myosin light chain, MLCK myosin light chain kinase, 

MLCP: myosin light chain phosphatase, Na
+
 K

+
-ATPase pump, Na

+
-Ca2+

 
X: Na

+
-

Ca2+
 
exchanger, P: phosphate.PIP

2
: phosphatidylinositol 4, 5-bisphosphate ,PLC: 

phospholipase C, PMCA: plasma membrane Ca2+ ATPase, RyR: Ryanodine 

receptor, SERCA: sarco/endoplasmic reticulum Ca2+-ATPase. 
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1.7.3 Initiation and regulation of contraction and relaxation 

The myometrium maintains a level of muscle tone and additionally undergoes phasic 

contractions which may vary in frequency, amplitude, duration and direction to 

accommodate for the differential requirements of menstruation, pregnancy and labour. 

Contraction regulation is mainly determined by intracellular ion channel permeability 

and modulation of the sensitivity of the contractile apparatus itself. Several regulatory 

aspects will be covered in this section, but this is not an exhaustive list as the 

regulation of myometrial activity is intricate and not completely understood.  

1.7.3.1 Thin filament associated proteins 

In addition to the MLC20, there are several components of the contractile apparatus 

that can be modified to control contraction. Thin filament-associated proteins such as 

caldesmon may inhibit myosin ATPase activity, reducing contraction, but this can be 

counteracted by phosphorylation of caldesmon (Matthew et al., 2004d; Morgan and 

Gangopadhyay, 2001) . Caldesmon levels increase during pregnancy in human 

myometrium possibly contributing to the maintenance of quiescence (Word et al., 

1993b). MLCK can be regulated by phosphorylation by protein kinase A (PKA, cAMP-

activated protein kinase), protein kinase C (PKC) and other kinases (Aguilar and 

Mitchell, 2010a). Phosphorylation of MLCK by PKA impedes MLCK activation by the 

Ca2+-calmodulin complex, decreasing myosin phosphorylation and hence contraction 

(Stull et al., 1993). PKA levels decrease with the onset of labour thereby increasing 

contractility (Ku et al., 2005). 

Calponin-1 is a thin filament-associated protein which inhibits contraction, possibly by 

inhibition of myosin ATPase activity, its action may be abolished if phosphorylated by 

PKC-ε (Morgan and Gangopadhyay, 2001). In pregnant mice the levels of h1-calponin, 

phosphorylated h1-calponin, PKC-ε and phosphorylated PKC-ε are increased compared 

to the non-pregnant state, at onset of labour the relative abundance of 

phosphorylated h1-calponin and PKC-ε were up-regulated compared to 

unphosphorylated h1-calponin and phosphorylated PKC-ε suggesting that 

phosphorylation of h1-calponin may play a role in the facilitation of uterine 

contractions during parturition (Li et al., 2012; Morgan and Gangopadhyay, 2001). 
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Transgelin (alpha SM22) is a thin filament-associated 22 kDa protein which is highly 

expressed in myometrium of pregnant women and is decreased in with labour 

(MacIntyre et al., 2009). 

1.7.3.2 Stretch 

Stretch of the myometrium due to fetal growth is implicated in the activation of labour 

processes (Macphee and Lye, 2000). Stretch increases myometrial contractility in vitro, 

it is also know that multiple pregnancies and polyhydramnios, which result in greater 

stretch in vivo, are associated with premature labour (Li et al., 2009). The mechanism 

by which stretch may cause myometrial contraction is thought to be mediated by 

dense plaques and the MAPK pathway. Dense plaques contain integrins and protein 

kinases (e.g. focal adhesion kinase (FAK, PTK2)). Integrins are transmembrane 

glycoproteins that link the cytoskeleton and ECM. Adhesion-induced integrin activation 

results in the phosphorylation of FAK and the docking protein Crk-associated substrate 

(Cas) which may activate Raf (Raf proto-oncogene serine/threonine protein kinase) 

which activates mitogen activated protein kinase kinase (MAP2K, aka MEK) which in 

turn phosphorylates mitogen-activated protein kinase (MAPK, aka extracellular signal 

regulated kinase, ERK). MAPK can then phosphorylate caldesmon which quenches the 

caldesmon-mediated inhibition of myosin ATPase activity, thereby increasing 

contraction. SmAV is a regulator of MAPK found associated with FAK in myometrium 

and is up-regulated during pregnancy; it may help to recruit MAPK to DP, promoting 

contractility (Macphee and Lye, 2000).This pathway may also be the target of oxytocin, 

some prostaglandins (PGF2α, PGE2), and endothelin, which bind to G protein-coupled 

receptors (GPCRs) to cause downstream activation of MAP2K, resulting in contraction 

(Hurd et al., 2008). This ligand-activated route may act in concert with the focal 

adhesion activated aspect to promote labour. Additionally several Ca2+ and chloride 

channels may open in response to stretch, causing depolarisation and contraction (Ji et 

al., 2002; Dick et al., 1999; Wellner and Isenberg, 1994; Wellner and Isenberg, 1993; 

Farrugia et al., 1999). 
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Stretch may also induce contraction via direct effects on stretch-activated ion channels. 

It is suggested that outwardly rectifying stretch-dependent potassium channels, such 

as potassium channel subfamily K member 2 (TREK-1) are activated by stretch as 

pregnancy progresses to cause membrane hyperpolarisation and maintain a relaxed 

state (Monaghan et al., 2011). This is supported by the fact that the expression of 

TREK-1 in the myometrium increases during pregnancy and declines near term, 

possibly due to hormonal influences (Monaghan et al., 2011). Other K+ channels may 

play a role in dampening excitability during gestation, including: ATP-sensitive 

potassium channels (KATP) which become more sensitive to agonists during the 

quiescent period of pregnancy and less sensitive at term (Sawada et al., 2005); 

calcium-sensitive potassium channels (BKCa) which may demonstrate altered 

responsiveness to Ca2+ and protein kinases at different gestational time periods; and 

voltage-dependent potassium channels (Kv) which are differentially expressed during 

pregnancy and term (Perez and Toro, 1994; Perez et al., 1993; Zhou et al., 2000; Smith 

et al., 2007; Aaronson et al., 2006). 

The contraction-inducing effect of stretch may play a role in global recruitment of the 

various parts of the uterus allowing them to contract in unison during labour; whereby 

one part contracts the resulting increase in intrauterine pressure causes a stretch in 

the other parts, stimulating them to contract (Young, 2007).  

 

1.7.3.3 Ca2+ sensitisation   

Ca2+ sensitisation is a mechanism by which a greater contraction force is generated to 

a constant Ca2+ level, an effect observed in myometrium from pregnant women (Word 

et al., 1993b). This may be important in maintaining a high tonic contraction strength 

during labour (Kupittayanant et al., 2001). Agonists binding to certain GPCRs cause 

activation of the small GTPase, Ras homolog gene family, member A (rhoA) and 

subsequently its effector rhoA-associated protein kinase (ROCK/ROK). ROCK 

phosphorylates the subcellular targeting subunit (myosin binding unit, MYPTI) of MLCP, 

inhibiting its action (dephosphorylation of the catalytic subunit (type I protein 

phosphatase, PPIc) of MLC20) therefore inducing contraction (Pehlivanoglu et al., 2013; 

Noda et al., 1995; Kawano et al., 1999).  
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RhoA mRNA expression and GTP-RhoA complex levels are up-regulated during 

pregnancy, and more so during labour (Friel et al., 2005; Lartey et al., 2007). Inhibition 

of ROCK is associated with reduced agonist-induced contraction in vitro (Oh et al., 

2003; Woodcock et al., 2004). The two isoforms of ROCK (1 and 2) are found in the 

human uterus, and although they may be up-regulated in rodent pregnancy (Moore et 

al., 2000; Riley et al., 2005), studies on human myometrium suggest levels are 

unchanged between the non-pregnant, labouring or non-labouring pregnant states, 

and even decreased with pregnancy in the case of ROCK 2 (Moore et al., 2000; Riley et 

al., 2005). ROCK localisation and possibly other regulatory mechanisms of this pathway 

may be altered at labour (Lartey et al., 2007). 

Rnd 1, 2 and 3 are G proteins which may bind to ROCK and inhibit rhoA-mediated Ca2+ 

sensitisation (Lartey et al., 2007; Riento and Ridley, 2003). The protein expression of 

rnd2 and rnd3 and mRNA expression of rn1 are up-regulated in myometrium during 

pregnancy in the human and rat, suggesting a role in maintaining quiescence (Kim et 

al., 2003b; Lartey et al., 2007). The ratio of rnd to RhoA proteins is not changed at 

labour but there is a down-regulation of the RhoA inhibitor RhoD (Lartey et al., 2007). 

Cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) 

may phosphorylate rhoA causing it to associate with rho-guanine nucleotide 

dissociation inhibitor (rhoGDI) which inhibits the action of rhoA (Ellerbroek et al., 2003; 

Sawada et al., 2001).  

Ca2+ sensitisation may be important in the action of oxytocin, as oxytocin-induced 

contraction is attenuated by ROCK inhibitors (e.g. Y-27632) without affecting Ca2+ flux 

(Woodcock et al., 2004). This may also be true of prostaglandin F2α (PGF2α) which can 

induce increased force without affecting Ca2+ levels and is associated with GTP-rhoA 

formation in mice (Woodcock et al., 2006; Tahara et al., 2005). 
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Figure 8 Signalling pathways II 

The figure overleaf is a further development of the previous signalling pathways 

figure. Here we detail the mechanism of calcium sensitisation, whereby agonist 

stimulated-RhoA may result in downstream inhibition of MLCP, potentiating 

contraction. Also shown are the mechanisms by which stretch may induce 

contraction, this Is via inhibition of caldesmon and opening of calcium and 

potassium channels. Lastly, we show the contraction stimulating mechanism of 

DAG via PKC mediated inhibition of the MLCK inhibitor calponin. 

Ca2+: calcium, CaMK II: Ca2+/calmodulin-dependent protein kinase II, CaS: Crk-

associated substrate, DAG: diacylglycerol, ET-1: endothelin-1FaK: focal adhesion 

kinase, GDP: Guanine diphosphate, GTP: guanine triphosphate, IP3: inositol 

triphosphate, IP3R: IP3 receptor, K
+
: potassium, LTCC: L type Ca2+ channel, 

MAP2K: MAPK kinase, MAPK: mitogen-activated protein kinase/ERK,  

MLC20: myosin light chain, MLC20: myosin light chain, MLCK myosin light chain 

kinase, MLCK myosin light chain kinase, MLCP: myosin light chain phosphatase, 

MLCP: myosin light chain phosphatase, Na
+
-Ca2+

 
X: Na

+
-Ca2+

 
exchanger, Na

+
 K

+
-

ATPase pump, OTR: oxytocin receptor, P: phosphate, PGF2α: prostaglandin 2α, 

PIP
2
: phosphatidylinositol 4, 5-bisphosphate ,PKA: cAMP-dependent 

kinase/protein kinase A, PKCε: protein kinase C epsilon, PLC: phospholipase C, 

PMCA: plasma membrane Ca2+ ATPase, Raf: MAPK kinase kinase, RhoA: Ras 

homolog gene family member A, ROCK: RhoA kinase, RyR: Ryanodine receptor, 

SERCA: sarco/endoplasmic reticulum Ca2+-ATPase, TREK1: potassium channel 

subfamily K member 2/KCNK2. 

 

 

1.7.3.4 Membrane potential 

The membrane potential of myometrial cells during pregnancy is reported as between 

-40 and -50mV, this increases by the middle of gestation to -60mV and then decreases 

by term to -45mV (Kao, 1989; Parkington and Coleman, 1990). The resting membrane 

potential undergoes “slow waves”, regular fluctuations caused by the differing 

concentrations of Ca2+, sodium (Na+), potassium (K+) and chloride (Cl-)  ions either side 

of the cell membrane (Aguilar and Mitchell, 2010a). The concentrations of Ca2+, Na+, 

and Cl- are much higher in the extracellular compartment compared to the intracellular 

compartment; the opposite is true of K+ concentrations.  
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The movement of K+ down the concentration gradient into the extracellular space 

maintains the resting potential, this occurs via K+ channels which may be gated by Ca2+ 

(BKCa), voltage (KV) or ATP (KATP). BKCa channels extrude K+ from the cell in response to 

increased intracellular Ca2+, counteracting depolarisation or restoring the resting state. 

In mice, KV 7.4 (KCNQ) channels are observed in myometrium from non-pregnant 

women and up-regulated during pregnancy suggesting a role in quiescence (McCallum 

et al., 2009). 

 

1.7.3.5 Ca2+ concentration and signals 

Capacitive or store-operated Ca2+ entry (SOCE) involves the influx of Ca2+ across the 

plasma membrane as a result of a fall in SR Ca2+ levels, the mechanism behind this is 

not fully understood (Sanborn, 2000). An unidentified signal, the “Ca2+ influx factor” 

(CIF) signals to Ca2+ store-operated channels (SOC) in the plasma membrane to open, 

allowing transmission of a small Ca2+ release-activated current (ICRAC) (Venkatachalam 

et al., 2002). 

Cytosolic Ca2+ may act to modulate Ca2+ channels, this may occur via calmodulin which 

can activate the L-type channel inhibitor calcineurin (aka protein phosphatase PP2B), 

and the L-type channel activator Ca2+/calmodulin-dependent protein kinase II (CaMK II) 

(Jmari et al., 1986; Wu et al., 1999). PMCA, the plasma membrane Ca2+ ATPase which 

removes Ca2+ from the cell, has a calmodulin binding site on its cytosolic tail which, 

when bound, activates the ATPase. 

High intracellular Ca2+ levels activate potassium channels (KCa) allowing K+ to leave the 

cell. Elevated intracellular Ca2+ acts in concert with DAG released from the cleavage of 

PIP2 to activate PKC. The exact effects of PKC activation are not fully elucidated. PKC 

activation has been demonstrated to affect myometrial tension, and augment 

oxytocin-stimulated contraction (Phillippe, 1994; Savineau and Mironneau, 1990; 

Karibe et al., 1991; Ruzycky and Ameredes, 1996). Seven PKC isoforms have been 

identified in the myometrium and differential expression or activation of isoforms may 

explain the differential effects PKC activation can have on tension (Kim et al., 2003a). 
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Further to global increases in intracellular Ca2+, transient local elevations of Ca2+ may 

also play a role in the modulation of membrane potential, gene transcription (e.g. via 

nuclear factor kappa-light chain enhancer of activated B cells (NF-κB), c-Jun N-terminal 

kinase (JNK)) and contraction. These transient signals include the following: 

Ca2+ puffs: localised IP3R-mediated Ca2+ release from the SR. 

Ca2+ waves: A possibly IP3R-mediated wave-like SR release of Ca2+ that traverses the 

cell due to recruitment of adjacent Ca2+ channels by CIRC. 

Ca2+ flashes: A rapid brief global elevation of intracellular Ca2+. 

Ca2+ sparklets: The opening of a single or small cluster of L-type voltage dependant 

Ca2+ channels. 

Junctional Ca2+ transients: A simultaneous Ca2+ flash occurring in a SMC bundle usually 

coordinated by a nerve that stimulates voltage-dependant Ca2+ channels (VDCC).   

Ca2+ sparks: A local increase in cytosolic Ca2+ via VDCC which stimulates CICR from SR 

via several RyRs (these haven’t as yet been observed in the myometrium) (Hill-Eubanks 

et al., 2011; Kupittayanant et al., 2002). 

1.7.3.6 Mitochondria 

The mitochondrial interior is much more negative than the cytosol due to extrusion of 

protons by the electron transport chain, this membrane potential can be used to 

induce an influx of Ca2+ into the mitochondria via an inner membrane uniporter 

(Bernardi, 1999; Gurney et al., 2000). Ca2+ release from the mitochondria is via the 

Na+-Ca2+ exchanger and permeability transition pores (PTPs) on the mitochondrial 

membrane. The affinity of the mitochondria for Ca2+ is much less than that of the SR, 

and the extent of its role in modulation of contractility is not fully understood.  

Increases in cytosolic Ca2+ have been demonstrated to increase mitochondrial Ca2+ 

levels (Karaki et al., 1997), this Ca2+ may activate oxidative phosphorylation via its 

effects on pyruvate, isocitrate and α-ketoglutarate (Jouaville et al., 1999). 

Mitochondria in close opposition to SR may then provide ATP via Ca2+-dependant 

oxidative phosphorylation to enhance the reuptake activity of SERCA on nearby SR 

(Imaizumi et al., 2003) (Batra, 1982). But this proposed mechanism is controversial and 

other studies support a Ca2+-sink role for mitochondria by which they may facilitate 

relaxation.  
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In studies by Drummond and Fay on the gastric smooth muscle of Bufo marinus, 

inhibition of ATP synthase by oligomycin did not affect cytosolic Ca2+ clearance rates 

following depolarisation, suggesting a lack of ATP for SERCA is not a major factor in 

Ca2+ clearance. Furthermore, if the mitochondrial uniporter is blocked with ruthenium 

red the rate of Ca2+ extrusion following a depolarisation is considerably slowed 

suggesting the mitochondria serve a direct function in Ca2+ sequestration (Drummond 

and Fay, 1996). Some authors suggest this is only the case in pathophysiologically high 

concentrations of cytosolic Ca2+ (Yamamoto and van Breemen, 1986). Estradiol has 

been shown to inhibit Ca2+ uptake by the mitochondria in human myometrium hence 

potentially facilitating contraction (Batra, 1973). 

1.7.3.7 Pacemaker cells 

Pacemaker cells are thought to exist in the myometrium in the pregnant and non- 

pregnant state which spontaneously depolarise and initiate a wave of contraction in 

the rest of the organ. These cells have not been definitively characterised and the 

physiology of their activity is not well understood (Wray, 1993). Tyrosine-protein 

kinase Kit (CD117, C-Kit) is the classical marker of Cajal cells in the gut. C-kit positive 

interstitial cells of Cajal (ICC) or Cajal-like cells (ICLC) are seen in many smooth muscle 

tissues and function as pacemaker cells. Myometrial ICLC (m-ICLC), also termed 

telocytes, demonstrating similar morphology (Enlarged cell bodies with many long 

projections, no myofilaments, many mitochondria and caveolae) and physiology (non-

contractile, demonstrating outward currents and lacking inward currents in response 

to stimulus, more stable and less negative resting membrane potential compared to 

SMC) have been identified in myometrium (Duquette et al., 2005; Cretoiu et al., 2006). 

C-kit negative and positive telocytes have been identified in the myometrium although 

a pacemaker role has not yet been proven (Duquette et al., 2005; Allix et al., 2008; 

Hutchings et al., 2008a; Hutchings et al., 2009). Receptors for estrogen and 

progesterone have been observed on the nuclei and plasma membrane of c-KIT 

positive myometrial telocytes suggesting they may be regulated by endocrine signals 

(Cretoiu et al., 2006).  
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It has been shown that contractile waves are initiated at the borders of muscle bundles 

which is where these cells are found (Hutchings et al., 2009). There are two theories 

which have been suggested to explain the mechanism of contraction propagation in 

the uterus, firstly the “functional syncytium” theory in which coordinated contractions 

occur by the functional coupling of cells via gap junctions, the expected contraction 

profile (a rapid 20 sec contraction) that this method would produce is different to the 

40-60 sec bell-shaped contraction observed in myometrium (Young, 2007). 

Furthermore, in the myometrium, contractions are initiated by an action potential 

which recruits SMCs synchronously despite being further than 1 cm apart (Young, 

2007). The second “biphasic” theory  may help explain these conflicts, it states that an 

initial action potential stimulates a few cells in each bundles and the remaining cells 

are stimulated in a second phase by an intracellular Ca2+ wave that spreads via gap 

junctions. Hutchings et al propose a telocyte-dependant mechanism whereby 

interconnected telocytes act as coupled oscillators , exhibiting synchronised 

fluctuations in Ca2+ allowing depolarisations in the network of cells to occur 

simultaneously (Van Helden and Imtiaz, 2003; Hutchings et al., 2006; Hutchings et al., 

2009). A stimulus, which may be ATP acting through P2Y2 nucleotide receptors, from 

these depolarised cells is then spread to adjacent myometrial SMC causing a 

depolarisation of the cells at the border of the muscle bundles and a subsequent Ca2+ 

wave which facilitates the second phase of contraction.  

1.7.3.8 Innervation  

Adrenergic α1 receptor stimulation promotes contraction possibly via the IP3 pathway 

(Bulbring, 1955; Breuiller-Fouche et al., 1991). β2 stimulation promotes relaxation 

possibly by inducing the opening of K+ channels and by increasing the activity of 

adenylate cyclase (AC) via a G protein which increases cyclic adenosine 

monophosphate (cAMP) and thus PKA (cAMP-dependant kinase) which then may 

phosphorylate MLCK (Bulbring and Tomita, 1987; Chanrachakul et al., 2004; Doheny et 

al., 2005; Wray, 1993). Parasympathetic cholinergic activation appears to stimulate 

contraction via the IP3 pathway (Marc et al., 1986). Nervous stimulus is not thought to 

be absolutely necessary for labour as it may occur without nervous activity (Reynolds, 

1965; Ottesen and Fahrenkrug, 1990). See section 1.6 for more information. 
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1.7.3.9 Actin and myosin Isoforms 

The specific isoforms of myosin and actin expressed in the myometrium are also 

shown to change during pregnancy. Cavaillé et al demonstrate that the MLC17 is 

expressed in two isoelectric forms in myometrium from pregnant women, the more 

acidic of which is more abundant towards term (Cavaille et al., 1986). There are also 

changes in the relative levels of expression of the three actin isoforms (α, β, γ) in the 

human myometrium, the γ form increases relative to the α and β forms with the start 

of pregnancy (Cavaille et al., 1986). While the physiological consequence of these 

changes is not fully elucidated, the various actin isoforms exhibit differential affinity 

for myosin. The MLC17 is thought to play a role in the stability of the myosin head, but 

recently is also thought to have regulatory functions through actin interactions 

(Hernandez et al., 2007; Mossakowska and Strzelecka-Golaszewska, 1985). Myosin 

isoform expression has been proposed to influence the direction of contractions 

observed in the myometrium (Pehlivanoglu et al., 2013).  

 

1.7.3.10 Other changes with pregnancy 

Several molecular and cellular changes occur during pregnancy to alter myometrial 

excitability these include changes in resting membrane potential, gap junction 

expression, oxytocin receptor expression and ion channel expression (PMCA and 

SERCA) and sensitivity (Tribe et al., 2000; Taggart and Wray, 1998; Collins et al., 2000; 

Ludmir and Erulkar, 1993; Lundgren et al., 1997; Zeeman et al., 1997; Garfield et al., 

1995). Relaxin, which is secreted during pregnancy, increases Ca2+ efflux in myometrial 

smooth muscle cells.  Human chorionic gonadotropin (hCG) secreted by the fetus has 

been shown to induce relaxation of human myometrium possibly via activation of BKCa 

channels and decreased expression of gap junction proteins (Cx43) (Ambrus and Rao, 

1994; Doheny et al., 2003). 
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1.7.3.11 Other Ion channels 

Ca2+-gated chloride channels are thought to play a role in the pacing of uterine 

contractions in the rat, as inhibition of these results in alterations in both spontaneous 

and stimulated contractions and they may be activated by oxytocin to produce cell 

depolarisation (Arnaudeau et al., 1994; Jones et al., 2004). 

The number of cells expressing fast Na+ channels increases with pregnancy in the rat 

and human uterus (Kusaka and Sperelakis, 1996; Young and Herndon-Smith, 1991; 

Inoue and Sperelakis, 1991). It has been suggested this could affect the Na+Ca2+ 

exchanger to elevate intracellular Ca2+ and may contribute to easier and faster 

depolarisation near term due to the increased inward current of Na+ (Inoue and 

Sperelakis, 1991).  

The transient receptor potential (TRP) channel superfamily of receptors allow Ca2+ 

influx in myometrial cells in response to various signals including GPCRs, IP3, DAG 

activation and depleted levels of Ca2+ in the SR (Sanborn, 2007). 

 

1.7.3.12 Progesterone, estrogen, oxytocin, prostaglandins and other agonists 

Steroid hormones are synthesised from cholesterol, the initial stage of synthesis is 

transport of cholesterol to the mitochondria, where its side chain is cleaved to form 

pregnenolone. Pregnenolone is then brought to the SR and converted to progesterone 

(P4) by 3β-hydroxysteroid dehydrogenase (Rekawiecki et al., 2008). P4 is a steroid 

hormone and is the main type of progestogen in the body. During gestation, P4 is 

produced by the corpus luteum (CL) and placenta to maintain the uterus in a quiescent 

state. P4 binds to the nuclear progesterone receptor (PR) and up-regulates genomic 

pathways that favour myometrial quiescence, endometrium development, thickening 

cervical mucus and dampening of immune responses. In animals, a decline in the levels 

of P4 are associated with labour, but it is unclear whether this is the case in humans. 

There is some conflict in the literature as to whether labor is associated with a fall in 

P4 levels, some report a decline before labor (Turnbull et al., 1974; Csapo et al., 1971; 

Smith et al., 2009) and others do not  (Boroditsky et al., 1978; Tulchinsky et al., 1972; 

Mathur et al., 1980; Lofgren and Backstrom, 1990; Keresztes et al., 1988).  
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The trend in P4 levels may be of more relevance than the actual P4 plasma 

concentration, in a study by Smith et al, the P4 level was lower than that predicted by 

the trajectory of the trend in P4 levels and that of E3 was higher than expected (Smith 

et al., 2009). There is evidence of a functional withdrawal of P4 due to diminished and 

differential PR isoform expression (Vu Hai et al., 1978; Mesiano, 2004). PR A is 

favoured 2-3-fold (Vrachnis et al., 2012) over the B receptor at labour, PR B mediates 

the relaxation-inducing effects of progesterone, and isoforms A and C which lack an 

activating domain may act to repress these effects (Wei et al., 1996; Giangrande et al., 

2000). There may also be decreased expression of co-activators (steroid receptor co-

activators 2 and 3, cAMP-response element binding protein) and increased expression 

of cytokines which oppose the effect of P4 by activating NF-κB and hence up-regulate 

several contractile genes (PF2α receptor, Cx43, oxytocin receptor) and cyclooxygenase-

2 (COX-2) (Condon et al., 2003; Lei et al., 2012; Vrachnis et al., 2012).  

 

Figure 9 Functional progesterone withdrawal 

Progesterone acts via a nuclear receptor to stimulate the expression of genes 

which maintain the uterus in a relaxed state. At term a functional progesterone 

withdrawal occurs. This involves: an increase in the ratio of PR A to PR B receptor 

isoforms, a decrease in PR co-activators, and an increase in NF-κB activation 

which increases the expression of pro-contractile genes. COX-2 cyclooxygenase-2, 

CX43 connexin 43, NF-κB nuclear factor kappa-light chain enhancer of activated 

B cells, PGF2α Prostaglandin F2α, PR Progesterone receptor (PRA, PRB are the A 

and B isoforms of PR). 
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Progesterone may also be metabolised differently at labour, levels of steroid 5β-

reductase drop at labour resulting in a drop in its product the relaxation-inducing 5β-

dihydroprogesterone (Sheehan et al., 2005). There are also recently discovered 

membrane P4 receptors in the myometrium which can rapidly affect intracellular 

signalling cascades but are less understood (Dressing et al., 2011; Fernandes et al., 

2005; Karteris et al., 2006). 

 

Estrogens are steroid hormones; there are four types, estrone (E1), 17β-estradiol (E2), 

estriol (E3) and estetrol (E4). There are two types of estrogen receptor; ERα and ERβ 

which may form homo (ERα and ERβ) or heterodimers (ERαβ), there are also several 

identified isoforms of the ERα and β receptors which may have differential 

downstream effects (Ramsey et al., 2004; Leung et al., 2006; Matthews and Gustafsson, 

2003). E2 is the most potent of the estrogens. ERs belong to the nuclear receptor 

family of transcription factors and mediate their myriad effects by altering the 

transcription of genes. There is also less well understood “non-genomic” mechanisms 

of ER signalling that account for the more rapid effects of the hormone these 

mechanisms may include altering ion flux, and activation of PLC, AC and MAPK 

(Migliaccio et al., 1996; Aronica et al., 1994; Le Mellay et al., 1997; Tesarik and 

Mendoza, 1995; Nakajima et al., 1995; Valverde et al., 1999; Simoncini et al., 2004). 

Estrogens stimulate the up-regulation of progesterone receptors, amplifying the 

effects of progesterone. At term, the balance of estrogen and progesterone secretion 

shifts in favour of estrogen, this ends the dominance of progesterone and the 

quiescence that it maintains (Thorburn and Challis, 1979). 

 

Oxytocin (OT) is a hormone secreted by the pituitary and decidua during parturition 

(Fuchs et al., 1991). Oxytocin binds to the G protein-coupled oxytocin receptor (OTR). 

OT may be used to induce labour and to treat postpartum haemorrhage although its 

absolute necessity in physiological labour is questionable (Nishimori et al., 1996; Young 

et al., 1996). It acts through several pathways, including IP3, MAPK and cAMP (Sanborn, 

2007) (Ohmichi et al., 1995). The pathway stimulated may be determined by the 

membrane microdomain to which the receptor is localised (Sanborn, 2007).  
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OT also inhibits the Ca2+-ATPase at the plasma membrane and the SERCA at the SR 

(Magocsi and Penniston, 1991). OT stimulates transcription of genes via transcription 

factors including nuclear factor of activated T cells (NFAT) (Pont et al., 2012). OT also 

stimulates prostaglandin synthesis, which further stimulates contraction. The 

hormonal environment may modulate the effect of OT on the myometrium by altering 

the number of receptors expressed; estrogen causes up-regulation of the receptor and 

progesterone causes a down-regulation. During late pregnancy there is increased OTR 

expression in the myometrium in response to the increased estrogen levels (Kimura et 

al., 1996).  

 

There are 5 types of prostanoid, the prostaglandins (PGD2, PGE2, PGF2α, PGI2) and 

thromboxane (TXA2), and 10 types of prostanoid GPCRs (DP1, DP2, EP1, EP2, EP3, EP4, FP, 

IP1, IP2 and TP, each with their own isoforms) (Myatt and Lye, 2004). Prostanoids are 

synthesised from phospholipids as shown in Figure 10. PGE2 and PGF2α acting on the 

EP1, EP3 and FP receptors are potent inducers of uterine contraction and are used as 

abortifacients and inducers of labour (Martin and Bygdeman, 1975; Crankshaw, 2001), 

TXA2 acting on the TP receptor also induces contraction to a lesser extent 

(Wilhelmsson et al., 1981; Xu et al., 2014). This contraction-inducing effect is thought 

to occur via an influx of Ca2+ from the extracellular store via ligand or voltage-gated 

Ca2+ channels (Coleman et al., 1988). PGI2, PGE2 and PGD2 acting on IP, EP2 and DP 

receptors induce uterine relaxation (Crankshaw, 2001). Prostanoids have a short half-

life and so work in an autocrine or paracrine manner. Prostaglandin expression is 

increased during labour and their expression is thought to be integral in the initiation 

and facilitation of labour (Challis and Olson, 1988; Olson et al., 1993).  



Chapter 1 Introduction 

 

42 

 

 

Figure 10 Prostanoid biosynthesis 

Phospholipids are converted to arachidonic acid by the action of phospholipase 

A2, phospholipids may also be cleaved by Phospholipase C into IP3 and DAG, the 

latter of which can be converted into arachidonic acid by diacylglycerol lipase. 

Arachidonic acid is converted PGG2 by cyclooxygenase activity and then to 

prostaglandin H2 by peroxidase activity, both processes may be mediated by 

prostaglandin H synthase (aka COX). PGH2 is then converted to the different 

types of prostanoid by individual PG synthases. The corresponding receptors are 

shown under the prostanoids. DAG lipase: diacylglycerol lipase, DAG: 

diacylglycerol, DP: prostaglandin D2 receptor, EP: prostaglandin E2 receptor, 

FP:prostaglandin F2α receptor, IP:prostaglandin I2 receptor, IP3: inositol 

triphosphate, PGD2: prostaglandin D2, PGE2: prostaglandin E2, PGF2α: 

prostaglandin F, PGG2: prostaglandin endoperoxide, PGH2: prostaglandin H2, 

PGHS1/2: prostaglandin H synthase 1 or 2, (aka COX) which contains both 

cyclooxygenases (COX) and peroxidase (POX) activities, PGI2: prostaglandin I2, TP: 

thromboxane A2 receptor, TXA2: thromboxane A2. 



Chapter 1 Introduction 

 

43 

 

Endothelins are 21 amino acid peptides produced by epithelial and endothelial cells 

(Valenzuela et al., 1995). Endothelin-1 (ET-1) can induce myometrial contraction in 

myometrium from pregnant rats via opening of non-selective cation channels and 

possibly also by stimulating release from intracellular stores, causing depolarisation, 

and subsequent opening of voltage gated Ca2+ channels (Word et al., 1990). 

Endothelin-1 levels increase just prior to and during labour (Hakkinen et al., 1992).  

 

In the myometrium, epidermal growth factor activates the epidermal growth factor 

(EGF) receptor stimulating PLCγ which activates the IP3 pathway and also activates 

MAPK resulting in inhibition of caldesmon and resulting in contraction (Sanborn, 2007). 

1.7.3.13 Tocolytic agents 

Tocolytic agents induce myometrial relaxation; these may act through several 

pathways including the NO-cyclic nucleotide pathway wherein cyclic guanosine 

monophosphate (cGMP)-stimulated MLCP dephosphorylates myosin (Buhimschi et al., 

1995). Tocolytics may also act via Gs-protein coupled receptors which stimulate AC 

resulting in cAMP production which activates PKA and thus inhibits MLCK (Lopez 

Bernal, 2007). Phosphodiesterases may also stimulate production of cAMP or cGMP 

resulting in relaxation (Lopez Bernal, 2007). 
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Figure 11 Signalling pathways III 

This figure further elaborates on the previous signalling pathways figure. Here we 

have included the concept of store-operated calcium entry in response to low SR 

calcium levels. Also shown is the agonist-mediated hydrolysis of ATP into cAMP 

which may then favour relaxation via inhibition of ROCK-mediated calcium 

sensitisation and activation of PKA which leads to downstream inhibition of 

MLCK and activation of potassium channels. Mentioned also is the nitric oxide 

pathway which may facilitate relaxation via cGMP. AC: adenylate cyclase, Ach: 

acetylcholine (parasympathetic stimulation), ATP: adenosine triphosphate, BKCa: 

Ca2+-activated potassium channel, Ca2+: calcium, CaMK II: Ca2+/calmodulin-

dependent protein kinase II , cAMP: cyclic adenosine monophosphate, CaS: Crk-

associated substrate, cGMP: cyclic guanosine monophosphate, DAG: 

diacylglycerol, ET-1: endothelin-1, FaK: focal adhesion kinase, GDP: guanine 

diphosphate, GTP: guanine triphosphate , hCG: human chorionic gonadotropin, 

IP3: inositol triphosphate, IP3R: IP3 receptor, K
+
: potassium, LTCC: L type Ca2+ 

channel, MAP2K: MAPK kinase, MAPK: mitogen-activated protein kinase/ERK, 

MLC20: myosin light chain, MLCK myosin light chain kinase, MLCK myosin light 

chain kinase, MLCP: myosin light chain phosphatase, MLCP: myosin light chain 

phosphatase, Na
+
 K

+
-ATPase pump, Na

+
-Ca2+

 
exchanger, NO: nitric oxide, OTR: 

oxytocin receptor, P: phosphate, PGF2α: prostaglandin 2α, PIP
2
: 

phosphatidylinositol 4, 5-bisphosphate ,PKA: cAMP-dependent kinase/protein 

kinase A, PKCε: protein kinase C epsilon, PLC: phospholipase C, PMCA: plasma 

membrane Ca2+ ATPase, Raf: MAPK kinase kinase, RhoA: Ras homolog gene 

family member A, ROCK: RhoA kinase, RyR: Ryanodine receptor, SERCA: 

sarco/endoplasmic reticulum Ca2+-ATPase, SOC: store-operated Ca2+ channel, CIF: 

Ca2+ influx factor, SOCE: store operated Ca2+ entry, TREK1: potassium channel 

subfamily K member 2/KCNK2. 
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1.8 THE ACTIVITY OF THE MYOMETRIUM DURING THE MENSTRUAL CYCLE 

During the luteal-follicular transition, the removal of the inhibitory influence of 

progesterone results in strong (50-200 mmHg) rhythmic contraction (every 2-3 mins) 

of all layers of the myometrium in a mainly antegrade (fundus to cervix) fashion to 

expel the degenerating endometrial lining (Aguilar and Mitchell, 2010a). These 

contractions also help to reduce blood loss from vessels in the basal endometrium. The 

mean resting tone is at its peak (40 mmHg) at this stage in the cycle. These 

contractions are sometimes perceived and may be painful (de Ziegler et al., 2001). 

In the early follicular phase, low amplitude contractions occur every 30-60 sec, by the 

late follicular phase the contractions have decreased in force but increased in 

frequency and are now in a retrograde pattern (de Ziegler et al., 2001). These 

contractions are limited to the subendometrial layer of the myometrium; its function 

at this time is to facilitate possible transport of sperm to the oviducts. There are some 

studies that suggest this retrograde contraction only occurs in the direction of the 

uterine horn on the side of a developing follicle (Kunz et al., 1996).  By the time of 

ovulation, the frequency of contractions is has reached 4-5 per min (Chalubinski et al., 

1993; Lyons et al., 1991; Abramowicz and Archer, 1990; Martinez-Gaudio et al., 1973; 

Ijland et al., 1996).  

The main influencers of myometrial activity are E2 and P4. E2 stimulates contractions, 

the higher levels during the late follicular phase explaining the increased contraction 

frequency observed at this time.  

P4 stimulates myometrial relaxation which serves to retain the conceptus should it 

develop. This is important in the luteal phase and throughout pregnancy. One of the 

proposed mechanisms behind this quiescence includes a P4-induced hyperpolarisation 

of the SMC so that the resting potential is below the normal activation threshold for 

contraction (Csapo, 1954). 
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1.9 PREGNANCY 

If fertilization does occur,  the sperm traverses the zona pellucida and fuses with the 

oocyte membrane, the oocyte completes meiosis II resulting in a second polar body 

and a cell containing the haploid female pronucleus and the haploid male pronucleus. 

These pronuclei merge to form a diploid zygote, this then begins to rapidly mitotically 

divide to form a ball of cells called a morula (Cooper, 2000). The morula travels from 

the ampulla of the oviduct to the uterine lumen by day 4-5 post fertilization via 

muscular contractions of the oviduct and the movement of cilia lining the oviduct 

epithelium. A cavity forms in the in the cluster of cells signalling the transition to 

blastocyst stage, this then hatches from the zona pellucida and implants in the 

endometrium (approx. day 6 post fertilization/ day 19-20 of gestation). The implanted 

embryo secretes hCG which binds to luteinizing hormone (LH) receptors on the CL 

which rescues it from luteolysis. The CL will continue to secrete progesterone until the 

10th week of pregnancy when the placenta becomes the main source of progesterone. 

 

Figure 12 Early pregnancy 

Following fertilisation in the ampulla of the oviduct, the resulting zygote divides 

producing a morula and eventually a blastocyst. This hatches on day 6 and 

implants into the endometrium. hCG produced by the blastocyst serves to 

maintain the CL. CL: corpus luteum, hCG: human chorionic gonadotropin, PF 

post-fertilisation 
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Pregnancy is a process lasting approximately 40 wks (from the first day of the last 

menstrual period for a woman with a regular 28 day cycle) it is considered in three 

stages (trimesters); the 1st trimester from week 1-12, the 2nd trimester from week 13-

28 and the 3rd trimester from week 29-40. A term pregnancy is one lasting 37-41 6/7 

wks, a preterm delivery is before 37 wks and a post term delivery is after 42 wks (Kota 

et al., 2013).  

Quiescence is maintained during pregnancy via several mechanisms including 

increased levels of P4, relaxin, parathyroid hormone-related peptide, NO, calcitonin 

gene-related peptide, adrenomedullin, and VIP (Wilson et al., 2004; Di Iorio et al., 2003; 

Morimoto et al., 1997; Casey et al., 1997; Price and Bernal, 2001; Szlachter et al., 1980). 

Relaxin is a polypeptide which relaxes the pubic symphysis and softens the cervix, it 

also promotes angiogenesis which may be important in placental development (Segal 

et al., 2012). 

 

1.10 PARTURITION 

Parturition is the process of preparing the uterus for labour, the labour itself, 

involution following delivery and breast feeding. The initiation of this process is not 

fully understood; it begins several weeks before delivery and involves sequential 

changes in the myometrium, decidua and cervix.  

Labour describes the sequence of events at the end of the pregnancy period beginning 

with an increase in the force and frequency of myometrial contractions and leading to 

effacement and dilation of the cervix and subsequent delivery of the fetus. Labour 

usually lasts 12-24 hrs and is considered in three phases. The first phase is myometrial 

activation, the beginning of myometrial contractions. The instigating factor for this 

phase is not fully understood, but may begin with an inflammatory process and an 

increased expression of contraction-associated proteins. The second phase is the 

stimulatory phase; there is continued stimulation of the uterus via prostaglandins 

(PGE2, PGF2α) and OT. The final phase is the involution of the uterus following delivery 
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1.11 LABOUR 

1.11.1 The ovine model and human labour initiation 

The release of cortiotropin-releasing hormone (CRH) by the fetal hypothalamus has 

been linked to the timing of labour in sheep (Wolfe et al., 1987; Warren et al., 1992; 

Hobel et al., 1999; Ellis et al., 2002). This stimulates adrenocorticotropic hormone 

(ACTH) production from the pituitary which stimulates cortisol release from the fetal 

adrenal glands. Cortisol positively feeds back to increase ACTH production and also 

shifts the steroidogenic pathway to favour estrogen (especially E2) production over 

progesterone in the placenta causing downstream increases in contraction associated 

proteins, prostaglandins and cervical ripening. This ovine model of fetal-determined 

labour initiation is not universally applicable to all mammals but there are similarities. 

In humans, there is no increase in fetal cortisol at term, labour initiation is not fully 

understood and may be linked to placental maturation (Gabbe et al., 2012). 

1.11.2 Corticotropin releasing hormone 

Amniotic fluid corticotropin releasing hormone (CRH) levels are not related to 

gestational age in humans but are linked to a rise in cortisol levels and a positive 

feedback relationship has been confirmed between the two (Emanuel et al., 1994). The 

levels of CRH in the maternal and fetal circulation increase throughout pregnancy and 

peak at delivery, this rise is faster and slower in preterm and post term delivery 

respectively (McLean et al., 1995; Torricelli et al., 2006; Nodwell et al., 1999). The 

levels of CRH-binding protein (CRHBP) fall towards the end of pregnancy, increasing 

the levels of non-sequestered CRH (Linton et al., 1990; Linton et al., 1993). In vitro, 

CRH secretion by placental cells can be stimulated by certain substances, including 

angiotensin II, interleukin-1, OT, and arginine-vasopressin, norepinephrine and ACh, 

and inhibited by estrogen, progesterone, and NO (Ni et al., 2004b; Ni et al., 2004a). 

CRH receptors are thought to be expressed in the maternal pituitary, myometrium and 

adrenal glands and on the fetal pituitary, adrenal glands and lungs. The CRH receptor 

isoforms expressed in the myometrium are altered with gestational time points, during 

pregnancy CRHR1α is expressed and binding of CRH to this receptor causes relaxation 

of SMC.  
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At term, the predominant isoform expressed causes downstream activation of PKC and 

SMC contraction (Grammatopoulos and Hillhouse, 1999). During gestation, CRH-

induced corticotropin (ACTH) release by the pituitary stimulates cortisol secretion by 

the adrenal gland of both fetus and mother (Smith et al., 1990). In the fetus cortisol is 

thought to stimulate storage of liver glycogen, induce intestinal motility, promote 

closure of the ductus arteriosus and encourage lung maturation and surfactant A (SP-A) 

secretion and also indirectly stimulate contraction-inducing prostaglandins by the 

placenta and myometrium (Smith, 2007).  

1.11.3 Inflammation 

SP-A secreted by the fetal lung can enter the amniotic fluid and activate macrophages, 

the resulting inflammatory reaction is also thought to play a role in the initiation of 

labour (Keelan et al., 1999; Condon et al., 2004). Cortisol and CRH also stimulate COX-2 

production which increases the pro-inflammatory prostaglandin E2 levels in the 

amniotic fluid promoting further inflammation (Lindstrom and Bennett, 2005). The 

level of prostaglandin dehydrogenase (PGDH), a prostaglandin inhibitor produced by 

the chorion, decreases near term also promoting inflammation (Johnson et al., 2004). 

Labour is associated with up-regulation of several inflammatory agents including 

interleukin-8 and superoxide dismutase and an influx of macrophages to the uterus 

(Mesiano, 2004). 

1.11.4 Cervical ripening 

Prostaglandins and CRH also stimulate relaxin and matrix metalloprotease (MMP) 

release, which weakens and facilitates rupture of the placental membranes and also 

promotes cervical softening (Ledingham et al., 1999; Osman et al., 2003; Li and Challis, 

2005). MMP secretion is inhibited by progesterone maintaining cervical rigidity during 

pregnancy (Levy et al., 2006). An increase in levels of interleukin 6 and 8 in the 

amniotic fluid attracts neutrophils which release MMPs to further digest the 

membranes and cervix. Fetal fibronectin (fFN) is a structural protein that binds the 

fetal membranes to the decidua, upon disruption of these structures fFN is released 

and may activate MMP 1 and 9 in local white blood cells as well as other targets (COX-

2 and PGE2) (Mogami et al., 2013). 
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1.11.5 DHEA 

ACHT also stimulates secretion of dehydroepiandrosterone (DHEA) by the fetal adrenal 

glands, this is metabolised into estrogens (especially E3) by the placenta (Gabbe et al., 

2012), when the ratio of E3 to E2 is greater than 10:1 it potentiates the actions of E2 

(Melamed et al., 1997; Smith et al., 2009). This stimulates contractile associated 

protein up-regulation and prostaglandin release. The resulting contractions will 

stimulate oxytocin expression from the pituitary and potentiate further contractions.  

1.11.6 Functional withdrawal of progesterone 

Labour is associated with an actual and/or functional withdrawal of progesterone and 

the up-regulation of “contraction associated proteins” (CAPs), these are proteins which 

facilitate an increase in myometrial contractility by enhancing actin-myosin interaction 

and by increasing excitability and contraction propagation.  Such CAPs include oxytocin 

and prostaglandin and their receptors (which act to open ligand-gated Ca2+ channels), 

certain ion channels, and gap junctions (Chow and Lye, 1994; Sims et al., 1982). 

 

1.11.7 Synchronisation 

The synchronisation of contractions during labour is necessary to prevent contraction-

associated occlusion of blood vessels supplying the fetus and uterus that would result 

in ischemia; the regular relaxation periods allow reperfusion of the tissues. Gap 

junctions help to facilitate this coupling of myocytes so that they may contract in 

unison. Prostaglandins produced by SMC and oxytocin produced by the pituitary also 

act in a paracrine and endocrine manner respectively to activate neighbouring cells via 

GPCRs. SMCs enter a refractory period following contraction that prevents immediate 

re-stimulation due to high intracellular electronegativity (hyperpolarisation). 
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Figure 13 Labour 

Placental CRH induces ACTH secretion by the fetal pituitary which stimulates 

cortisol and DHEA production by the adrenal glands. DHEA fuels E2 production 

which stimulates expression of contractile associated proteins and oxytocin. 

Oxytocin then stimulates myometrial contractions and PG secretion which 

further potentiates contraction. Cortisol positively feeds back to stimulate 

further CRH production, it also encourages fetal lung development, MMP 

expression and SP-A secretion. SP-A stimulates an inflammatory process which 

may instigate labour. MMPs digest fetal membranes and cervical tissue resulting 

in membrane rupture and cervical softening. CRH activates COX-2 which 

stimulates prostaglandin E2, this also stimulates MMP production and 

inflammation. E2 and PG stimulate α1 receptor expression, this receptor can be 

activated by catecholamines produced by the pituitary and induce myometrial 

contraction. PGDH which would normally inhibit PG production decreases at 

term. Ach: Acetylcholine, ACTH: adrenocorticotropic hormone, AGT-1: 

angiotensin-1, COX-2: cyclooxygenase, CRH corticotropin-releasing hormone, 

Cx43: connexin 43, DHEA: dehydroepiandrosterone, E2: estradiol, IL-1: 

interleukin-1, MMP: matrix metalloprotease, NO: Nitric oxide, OTC: oxytocin, P4: 

progesterone, PG: prostaglandin, PGDH: prostaglandin dehydrogenase, PGE2: 

prostaglandin E2, SP-A: surfactant A. 
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1.11.8 Hypoxia 

Hypoxia of myometrial tissue may occur due to the strong contractions of labour 

resulting in a reduction in ATP availability and increase in intracellular pH. Pregnant 

tissue is better able to withstand the hypoxia-induced diminution of contraction likely 

due to the increased glycogen stores in myometrium from pregnant women versus 

that from non-pregnant women (Wray et al., 1992; Cole and Garfield, 1989b). The 

decreased contractility observed in hypoxia may be due to opening of potassium 

ATPase channels, increasing potassium efflux (resulting in hyperpolarisation) or other 

mechanisms such as elevated free phosphate (Wray et al., 1992). This effect of hypoxia 

may help stimulate the relaxation of the uterus between the powerful contractions of 

labour (Wray, 1993). 

 

1.12 MATERNAL CLINICAL CONSIDERATIONS AND PREGNANCY 

An understanding of myometrial function is becoming ever more important as the 

rates of Caesarean section are increasing in the developed world, with up to a third of 

women now undergoing this procedure (Lowe and Corwin, 2011; Martin et al., 2013). 

This procedure is associated with a higher cost, an increased risk of morbidity for 

mother and child and a longer recovery period. Elevated risk of Caesarean section is 

associated with maternal obesity and advanced maternal age both of which are 

increasing in modern society. 

 

1.12.1 Maternal obesity 

Studies of the body mass index (BMI) of women of childbearing age in the US have 

shown that approximately 24.5% are overweight (Vahratian, 2009) and 31.9% obese 

(Ogden et al., 2012). The European Perinatal Health Report in 2010 showed that 30-

37% of women had an overweight or obese pre-pregnancy BMI (with obesity levels 

varying from 7-20% depending on country) (SCPE and EUROCAT, 2010). Increased rates 

of miscarriage, menstrual dysfunction, labour induction, postpartum haemorrhage and 

much increased rates of emergency and elective Caesarean section as well as adverse 

short and long term fetal effects are associated with maternal obesity (Vinayagam and 



Chapter 1 Introduction 

 

54 

 

Chandraharan, 2012; Kriebs, 2014; Robinson et al., 2005; Ramsay et al., 2006; 

Poobalan et al., 2009; Lynch et al., 2008b; Weiss et al., 2004; Dixit and Girling, 2008). 

This is true even when we account for the confounding effects of obesity-related 

pathologies such as macrosomia, diabetes and hypertension. This implicates maternal 

obesity in having an inhibitory effect on myometrial function. Some studies have 

demonstrated a deficit in the contractility of myometrium from obese mothers in vitro 

(Zhang et al., 2007). But these results are controversial; Higgins et al. did not find 

impairment in spontaneous or oxytocin-induced myometrial contractions in vitro, 

suggesting that the observed implications of obesity on parturition in vivo cannot be 

explained by an effect on myometrial contractions per se (Higgins et al., 2010). This 

suggests that there may be alternative mechanisms responsible for the observed 

increased risk in myometrium-related complications in clinical practice. There is little 

data available pertaining to the possible mechanisms by which obesity may affect 

myometrial function. One theory is that adipokines, chemical messengers secreted by 

adipose tissue, may have downstream effects on myometrial contractility. Studies have 

shown inhibitory effects of two such chemicals, leptin and ghrelin on in vitro 

spontaneous and oxytocin-induced myometrial contractility (Moynihan et al., 2006; 

Hehir et al., 2008a). Adipokine levels are altered in proportion to the amount of body 

fat, suggesting a way in which body mass may affect uterine function. Another 

suggested mechanism is that the observed elevation of cholesterol and lipids in obese 

mothers may alter membrane lipid rafts and caveolae and the signalling processes they 

are involved in (Noble et al., 2006b; Smith et al., 2005). Cholesterol has been 

demonstrated to inhibit myometrial contraction in vitro, partly due to its effect on 

potassium channels (Noble et al., 2006b; Shmygol et al., 2007; Noble et al., 2006a). 

Oxytocin receptors are known to associate with caveolae which are membrane lipid 

rafts so it is conceivable that alterations to membrane lipids may affect oxytocin 

signalling (Jie Zhang et al., 2007; Smith et al., 2005).  
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1.12.2 Advanced maternal age 

The average age of first time mothers is gradually rising, in the US it has increased from 

21.4yrs in 1970 to 25yrs in 2006 (Mathews and Hamilton, 2009) and there has been a 

ten-fold increase in the number of births to women over the age of 40 from 1980 to 

2005 in Scotland (Smith et al., 2008a). The reasons for this include postponing 

childbearing until higher education, career, and financial goals have been attained and 

an increase in artificial fertility techniques such as egg donation and in vitro 

fertilization which can aid older women in achieving pregnancy. 

Increased maternal age is associated with an increased risk of post term births, 

prolonged labour, complications (pre-eclampsia, gestational diabetes and 

hypertension), operative vaginal delivery, oxytocin augmentation, and emergency and 

elective Caesarean section (Arrowsmith et al., 2012; Bianco et al., 1996; Smith et al., 

2008a; Yogev et al., 2010; Gordon et al., 1991). Some authors suggest that the 

myometrium becomes less responsive to OT and prostaglandin with age, as older 

women are more likely to require oxytocic augmentation than their younger 

counterparts (Main et al., 2000b). There is evidence of compromised myometrial 

contractility in vitro in (up to 40 yrs) myometrium from older  non-pregnant women 

compared to younger (20s) counterparts, but this was not observed in tissue from 

older (up to 40 yrs) pregnant women suggesting environment, hypertrophy and 

hyperplasia of pregnancy may restore some age-related deficits of the non-pregnant 

state (Arrowsmith et al., 2012). Whether myometrial contractility is compromised in 

vitro is not known, rhythmical contractions have been observed in non-pregnant post-

menopausal women in vivo suggesting the myometrium remains responsive to the 

hormonal environment (de Vries et al., 1990). Age related changes may be related to 

BMI and cholesterol-related myometrial dysfunction as these parameters tend to 

increase with age. Morphological changes in the myometrium with age have not been 

explored in the literature and will be examined in this thesis (Arrowsmith et al., 2012) 
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1.13 HYPOTHESIS AND AIMS 

This thesis aims to define several aspects of the structure of human myometrium at 

term and to investigate the hypothesis that there are structural alterations in the 

myometrium of older and obese women which may be linked to functional aspects of 

contractility in these women. Specifically, we will look at structural aspects related to 

contractility, the smooth muscle cell size and shape, nuclear size and composition, the 

contractile apparatus, mitochondria, connexin 43 expression and  the vasculature, we 

will also examine aspects related to adiposity in myometrium from normal and obese 

women, namely intracellular lipid droplets and leptin receptor expression. We aim to 

define morphological features of these parameters and we hypothesize that there may 

be alterations in this structure that are related to the BMI or age-related dysfunction 

observed clinically.  

The initial chapter is more methodological, and examines the extent to which the 

content or orientation of muscle in a myometrial strip affects the contractility of said 

strip. This is integral to this thesis as it examines the validity of in vitro studies such as 

those described in the previous sections which form the basis for the hypothesis of this 

thesis.  
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CHAPTER 2 THE ORIENTATION OF FIBRES IN MYOMETRIAL 

STRIPS 

The experimental plan, tissue bath experiments and analysis for this study were 

carried out by Prof. Denis Crankshaw, Department of Obstetrics and Gynaecology, 

NUIG. 

 

2.1 INTRODUCTION 

Many in vitro contractility studies utilise strips of myometrium taken from the lower 

uterine segment and there are no general guidelines outlining effect of strip 

composition and orientation on contractility measures. Due to the anisotropic nature 

of myometrial muscle fibre (SMC) orientation, it is fair to wonder if the predominant 

orientation of fibres in a strip influences the contraction the strip produces. We have 

assessed the proportion of muscle in the strip and the proportion of fibres arranged 

along the long and short axes of the strip and compared these measures to the 

contractility of the strip. 

The rate and force of contractions generated by myometrium and other types of 

smooth muscle can be measured using an isolated organ bath assay such as that 

described in Crankshaw and Morrison (Crankshaw and Morrison, 2011). This involves 

tethering each end of a strip of myometrium with silk thread, one end fixed in place 

and the other attached to a force transducer. The strip is kept in an organ bath at 

physiological conditions and agents can be added to the bath to assess their effects on 

the strip. The agents used in this study were: oxytocin, the thromboxane A2 mimetic 

U46619 and the α-adrenoceptor agonist phenylephrine.  

This method is used to demonstrate the effects of substances on the contractility of 

the strip and obtain quantitative information regarding the potency of these 

substances (e.g. pEC50, pA2) as well as to allow receptor characterisation.  
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One issue with the reliability of this method is the anisotropy of fibre orientation in 

myometrial strips; it is unknown to what degree the proportion of longitudinal and 

circular fibres in a strip may affect the maximum force that may be generated.  

Lower segment myometrial biopsies are commonly used in in vitro studies like that 

described above as these can be obtained from the incision site during Caesarean 

delivery through the lower segment (O'Sullivan et al., 2010a; Higgins et al., 2010; 

Baumbach et al., 2012). Only rarely can upper uterine segment tissue be obtained, 

from classical Caesarean section incisions or hysterectomy (Luckas and Wray, 2000a; 

Popat and Crankshaw, 2001). The tissue biopsies are usually cut into strips orientated 

parallel to the gross direction of the visible muscle fibres (Crankshaw and Morrison, 

2011; Higgins et al., 2010), whether this influences the major vector of fibre direction 

in the strip and force generated by the strip is not known. A study by Luckas and Wray, 

which examined the differences in upper and lower uterine segment strips, the 

proportion of muscle in the strips was found to be 65% and 70% respectively (Luckas 

and Wray, 2000b) 

Word et al compared pregnant (n=3) and non-pregnant (n=4) myometrial strips; they 

found that the fraction composed of cells was similar in both states (65% and 62% 

respectively) this is in accordance with our results in chapter three (n=57). Word et al 

found that 85-95% of the number of sampled myometrial cells were oriented 

perpendicular to the strip axis (Word et al., 1993a). We have examined this latter 

parameter volumetrically rather than numerically which may be a better indicator of 

function. 

Strips of myometrium from 9 women were mounted in an organ bath and the force of 

KCl, OT, U46619 and phenylephrine-induced contractions was measured. We then 

sectioned and stained the tissue and stereologically assessed the volume fraction of 

transverse fibres (running perpendicular to the long axis of the strip), longitudinal 

(running parallel to the long axis of the strip) fibres, ECM and other tissue in the strips 

and also measured the average strip cross sectional area. We normalised our 

maximum amplitude of contraction (MAMP) results to the various structural 

parameters and assessed the effect this had on the variability of the contraction 

measure. 
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Our hypothesis states that the contractile force generated by these strips is influenced 

by the quantity and orientation of muscle in the strip. Our study aims to determine the 

degree of variation between the contractile activity of strips that can be accounted for 

by the orientation and quantity of muscle fibres in the strip. If this is significant, then 

this method may be used to normalise contractility data and give a more accurate 

measure of contractility.  

2.2 METHODS 

2.2.1 Tissue acquisition 

The experimental conception and design, tissue bath experiments and normalisation 

analysis were carried out by Prof. Denis Crankshaw. 

Ethical approval (institutional review board project no. 804) for tissue collection was 

obtained from the Research Ethics Committee at Galway University Hospital on the 

16th March 2004. All human material used in this thesis was obtained from patients 

attending Galway University Hospital, Ireland for antenatal care during the time period 

July 2009 - June 2014. Caesarean sections were carried out in the 38-40th wks of 

gestation. Patients were given an information sheet and written informed consent to 

allow a myometrial biopsy during elective pre-labour Caesarean section at term 

gestation. All biopsy collection conformed to the International Ethical Guidelines for 

Biomedical research Involving Human Subjects. The reason for Caesarean section age 

and parity were recorded. BMI information were recorded at the initial antenatal visit 

during the first trimester. This is a valid indicator of pre-pregnancy BMI as maternal 

weight and mean body composition values are unchanged for the first trimester 

(Fattah et al., 2012). BMI was calculated from weight and height as measured by the 

healthcare professional and WHO guidelines were used for BMI categorisation (see 

appendix Chapter 1).  

Biopsies were excised from the midline portion of the upper margin of a transverse 

lower segment Caesarean section incision, i.e. at the point of junction of upper and 

lower uterine segments as previously described (O'Sullivan et al., 2010b; Crankshaw 

and Morrison, 2011), see Figure 14. Decidua or serosa that was macroscopically visible 

was dissected away. 
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Figure 14 Myometrial biopsy 

Approximate size of biopsies used in the study and the location from which they 

are excised. 

 

Nine samples were collected and placed in a physiologic salt solution (PSS) at 4°C 

containing 4.7 mmol/l potassium chloride, 118 mmol/l sodium chloride, 1.2 mmol/l 

magnesium sulphate, 1.2 mmol/l Ca2+ chloride, 1.2 mmol/l potassium phosphate, 25 

mmol/l sodium bicarbonate, and 11 mmol/l glucose (Sigma-Aldrich, Dublin, Ireland). 

Each biopsy was cut into 8 strips measuring 2x2x10 mm. The strips were cut so that 

they were orientated longitudinally to the long axis of visible muscle fibres on the 

biopsy. The biopsies were transferred to PSS at room temperature (RT) and tissue bath 

experiments were carried out within 8 hrs of excision. 
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Figure 15 Myometrial strips for 

contractility assessment 

This image shows the approximate size 

and shape of the myometrial strips used in 

this study (((Crankshaw et al., 2014) with 

permission). 

 

 

 

 

 

 

2.2.2 Tissue bath experiments 

 Strips were mounted in 20 ml tissue baths of PSS (pH 7,4, 37°C, 95% O2 and 5% 

CO2) 

 20mN of resting tension was applied and when a baseline had been achieved 

fresh PSS was introduced and the strips were allowed to equilibrate for 1 hr.  

 PSS containing 30 mM KCL was added and left in the bath for 10 mins 

 Strips were washed with PSS for 10 mins 

 This KCl challenge and wash sequence was repeated twice more 

 Tension was allowed to return to the baseline 20 mN 

 Strips were challenged with cumulatively increasing concentrations of one of 

three agonists: oxytocin, U46619 or phenylephrine. 

 Doses were added cumulatively to produce an approximate half-log unit 

increase (100.5, ~3.16-fold) in bath concentration of that agonist after each 

addition. 

 For each of these challenges, the increase in does was added at 12 min 

intervals for 2 hrs i.e. 10 additions were made. 

 The agonists are listed below with their starting and final concentrations. 

o Oxytocin (3.2838x) 1 pmol/L – 44.4 nmol/L 

o U46619 or 28.5 – 1.27 (3.2851183x) 28.5 pmol/L–1.27 µmol/L 

o Phenylephrine (3.283794x) 10 nmol/L – 444 µmol/L 
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 PowerLab/8SP hardware unit and Chart software (AD instruments, Hastings UK, 

version 4.0) were used to record contractions in the latter 10 mins of each 12 

min exposure. 

 All the 72 strips (8 strips per patient) were tested; for each agonist 24 strips 

were tested i.e. data for each agonist for each patient has been calculated from 

2-3 strips. 

2.2.3 Curve fitting  

KCl produces a tonic contraction and the uterotonic agonists produce a phasic 

contraction. Contraction following the 3rd KCl challenge was used to obtain a baseline 

reference for contraction, to which the maximum amplitude of contraction (MAMP) 

was then be normalised. The agonists produced a MAMP which varied from 132-163% 

of the KCl response. Measurements of the MAMP (in mN) of the contraction in 

response to the cumulatively higher concentrations of the agonists allowed the 

construction of concentration-effect curves in Microsoft Excel (SP3, Microsoft, 

Redmond WA). Several models were used to construct the concentration-effect 

curves. If the response was monophasic (oxytocin and U46619) Equation 1 was used 

and if it was biphasic (7/22 strips exposed to phenylephrine) Equation 2 was used. 

Where E: effect, C: concentration of agonist (molar) and pEC50 is the negative log of 

the molar concentration that produces a half maximal response. The subscripts 1 and 2 

in Equation 2 represent the two opposing receptor populations (Crankshaw and 

Morrison, 2011). Model suitability was determined by F test.  Average MAMP were 

calculated from the curves. 

 

Equation 1 One receptor model 

𝑬 =  
𝑬𝒎𝒂𝒙

(𝟏 + (𝟏𝟎(−𝒑𝑬𝑪𝟓𝟎−𝒍𝒐𝒈𝑪))
 

Equation 2 Two receptor model 

𝑬 =  [ 
𝐸𝑚𝑎𝑥

(1 + (10(−𝑝𝐸𝐶501−𝑙𝑜𝑔𝐶1))
+  

𝐸𝑚𝑖𝑛

(1 + (10(−𝑝𝐸𝐶502−𝑙𝑜𝑔𝐶2))
 ] 
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2.2.4 Histological analysis 

Once tissue bath experiments were complete the strips were immediately processed 

for histological analysis, this consisted of: 

 Fixation in 4% paraformaldehyde for 24 hrs at RT (section 3.2.3)  

 Processed for paraffin embedding as described in section 3.2.3 with the 

exception that when placing the strips in the final mould the strips were cut 

perpendicular to their length into 2, 3 or 4 sections depending on the strip size 

and embedded with cut face parallel to the wax block face. 

 6 µm sections were cut and mounted on glass slides; each slide had 2-4 strip 

cross section profiles i.e. 16-32 profiles per patient. 

 Stained with Masson’s trichrome stain (Masson, 1929; Foot, 1933). 

 Imaged with an Olympus BX61brightfield microscope. (Olympus, Southend-on-

Sea, UK) at 2.5x and 10x and analysed as follows. 

 A low power 2.5x image was acquired of the whole tissue section (see Figure 

16) and an ImageJ macro (see appendix 1.9.1) was used to assess the area of 

the strip profile (see appendix 1.9.1), this consisted of the following actions: 

o Images were converted to greyscale 

o Thresholded based on intensity so that all tissue pixels were selected 

o These were digitally counted and converted to mm2 

 The average cross sectional area of all strip profiles imaged was calculated 

 Higher magnification images (10x) of the section were taken exhaustively i.e., 

the maximum number of non-overlapping images were acquired. This resulted 

in 4-34 images per section depending on the size of the strip profile. 

 These were viewed with ImagePro Plus software and a grid of 165 points was 

overlaid on each image (area associated with each point of the grid was 

2767µm2 (0.002767 mm2).  
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Figure 16 Cross sectional area measurement 

Panel A shows a typical profile of a myometrial strip stained with Masson’s 

trichrome stain. Panel B shows the binary image that results from ImageJ 

analysis, the white pixels represent the selected tissue pixels that are counted. 

The cross-sectional area for this profile was 3.04 mm2 ((Crankshaw et al., 2014) 

with permission). 
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 Points overlying the following components were counted manually using the 

software to add colour coded tags to each point.  

o ECM 

o Muscle cells sectioned transversely (running perpendicular to the long 

axis of the strip, appearing as oblong profiles (axial ratio ≤ 0.6) 

o Muscle cells sectioned longitudinally (running longitudinally to the long 

axis of the strip, appearing as circular profiles (axial ratio ≥ 0.6)  

o Any other tissue  

 On average 8218 tissue points were counted per patient. 

 Muscle fibre profiles with an approximate axial ratio (
𝑠ℎ𝑜𝑟𝑡 𝑎𝑥𝑖𝑠

𝑙𝑜𝑛𝑔 𝑎𝑥𝑖𝑠
)  of more than 

or equal to  0.6 were categorised as longitudinal in the strip and those with an 

axial ratio of less than 0.6 were categorised as transverse (see Figure 17). This 

cut off was arbitrary and determined by visual inspection. 

 

Figure 17 Axial ratio of muscle fibres 

The shapes represent the types of muscle fiber cross section observed in the 

myometrial tissue sections. The axial ratios of each shape are given. Fibres with 

an axial ratio of ≥0.6 were accepted as longitudinal fibres which would have an 

orientation parallel to the long axis of the strip and those with an axial ratio of < 

0.6 (i.e. more oblong) were classified as transverse fibres which would have an 

orientation perpendicular to the long axis of the strip. 

 

 The VV of each tissue component was then calculated by expressing the 

proportion of points hitting a tissue component as a fraction of the total 

number of points hitting any tissue. The average VV was calculated from the 

sums of all point counts from all images of a strip. An example view is shown in 

Figure 18) 
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 Average VVs were multiplied by average cross sectional area to estimate the 

average area of the various parameters. 

 

Figure 18 VV estimation for fibre orientation 

An example point count is shown. A grid of lines is overlaid on an image of 

Masson’s trichrome-stained myometrium; each line intersection is a sampled 

point. The number of sampled points overlying extracellular matrix (ECM, yellow 

dots), longitudinal muscle fibers (red dots), transverse muscle fibers (white dots) 

and (blue dots) non-tissue areas were recorded. In this example the count is as 

follows: longitudinal profiles 32 points, transverse profiles 12 points, ECM 53 

points, all other tissue 0 points, space 3 points. This counting method was carried 

out on all images from a strip and summed, volume fractions were then 

calculated from the sum. 
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2.2.5 Data analysis 

The MAMP values were expressed in 5 ways: 

 The raw values (mN) 

 Normalised to the average cross-sectional area (CA) of the strip i.e. by dividing 

the raw value by the cross-sectional area of the strip (mN/mm2) 

 Normalised to the CA occupied by all myometrial SMCs (mN/mm2 of SMC) 

 Normalised to the CA occupied only by longitudinal SMCs (mN/mm2 of 

longitudinal smooth muscle) 

 Normalised to the third KCl response (%) (for receptor agonists only) 

The variation in the measured parameters was assessed by calculating the fraction the 

standard deviation represents of the mean and expressing it as a percent i.e. the 

coefficient of variation (CV%), see Equation 3. Variation between and within biopsies 

was measured. 

 

2.3 RESULTS  

2.3.1 Clinical details 

The clinical details for the women included in the study are given in Table 1. 

 

Equation 3 Coefficient of Variation 

𝑪𝑽% =  
𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅 𝒅𝒆𝒗𝒊𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒕𝒉𝒆 𝒎𝒆𝒂𝒏

𝑴𝒆𝒂𝒏 
 . 𝟏𝟎𝟎 

Table 1 Clinical details for 9 women 

Clinical Detail All Women 

n 9 

Gestation, wks  (median, range) 39, 38-40 

Age yrs (mean, range) 36.1, 34-39 

Parity (median, range) 1, 0-2 

Reason for Caesarean section 
 

Previous Caesarean 5 

Breech presentation    2 

Suspected cephalopelvic disproportion 2 
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2.3.2 Strip area and composition 

The average cross sectional area (in mm2) of the strips was measured (72 strips, 2-4 

profiles measured per strip) and the proportion (volume fraction) of the strip 

composed of longitudinally sectioned SMC, transversely sectioned SMC, ECM and 

other tissue was measured. The averages of these parameters for all strips are shown 

in Table 2, the range and percentage coefficient of variation (%CV) are also given. The 

%CV was calculated by expressing the percentage of the mean represented by the 

standard deviation (for all 72 strips). The %CV was quite high for all parameters 

measured, suggesting a heterogeneous composition between strips.  

 

 

The volume fractions of each of the components were multiplied by the mean cross 

sectional area for each of the strips. This gives us a value that represents the quantity 

of that component in the strip and the size of the strip. The average, range and CV% of 

these resulting values for 72 strips are given in Table 3. 

Table 2 Structural measures of myometrial strips 

 Mean ± SEM Range %CV 

Total CA (mm2) 2.01 ± 0.06 0.81 - 3.89 28 

VV (SMC, strip)  0.50 ± 0.01 0.29 – 0.65 16 

VV (longitudinal SMC, strip) 0.18 ± 0.01 0.00 – 0.46 52 

VV (transverse SMC, strip) 0.32 ± 0.01 0.11 – 0.64 35 

VV (ECM, strip) 0.39 ± 0.01 0.19 – 0.62 22 

VV (other tissue, strip) 0.11 ± 0.01 0.00 -  0.33 70 

Data was obtained from 72 myometrial strips. CA is in mm2 and VV values are unitless. CA: 

cross-sectional area, SMC: smooth muscle cell, ECM: extracellular matrix, SEM: standard error 

of the mean, %CV: percent coefficient of variation, VV (SMC, strip): fraction of the total CA 

occupied by SMC of any orientation, VV (longitudinal SMC, strip): fraction of the total CA 

occupied by SMC oriented parallel to the long axis of the strip, VV (transverse SMC, strip) 

:fraction of the total CA occupied by SMC orientated perpendicular to the long axis of the strip,  

VV (ECM, strip): fraction of the total CA occupied by ECM, VV (other tissue, strip): fraction of 

the total CA occupied by any other tissue besides SMC and ECM. 
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2.3.3 Contractile measures normalised to structural measures 

We normalised the maximum amplitude of contraction (MAMP) in several ways, by 

dividing by the mean cross sectional area, the mean SMC area or the mean 

longitudinal SMC area in the strip. These resulting values were expressed as force per 

area (in mN per mm2). We also found the percentage the agonist-induced MAMP 

represented of the KCl-induced MAMP. These data are presented in Table 4.  

 

 

 

Table 3 Cross sectional areas of strip components (VV multiplied by CA) 

  Mean ± SEM Range %CV 

SMC  1.02 ± 0.04 0.37 - 1.85 33.72 

Longitudinal SMC  0.35 ± 0.02 0.00 - 1.04 51.21 

Transverse SMC  0.67 ± 0.04 0.13 - 1.53 52.13 

ECM 0.77 ± 0.03 0.29 – 2.00 35.21 

Other tissue 0.22 ± 0.02 0.00 - 0.66 75.66 

Here the volume fractions have been multiplied by the mean cross sectional area for each 

strip giving the mean area of that component in a cross section of the strip and hence an 

estimate of its volume in the strip. 72 myometrial strips, values are in mm2 

%CV: percent coefficient of variation, SEM: standard error of the mean, SMC: smooth 

muscle cells, ECM: extracellular matrix 

Table 4 MAMP normalised to structural measures 

 MAMP 
𝑴𝑨𝑴𝑷

𝑪𝑨
 

𝑴𝑨𝑴𝑷

𝑺𝑴𝑪 𝒂𝒓𝒆𝒂
 

𝑴𝑨𝑴𝑷

𝐥𝐨𝐧𝐠𝐢𝐭𝐮𝐝𝐢𝐧𝐚𝐥 𝐒𝐌𝐂 𝐚𝐫𝐞𝐚
 %KCl 

KCl  42.3 ± 2.5 21.6 ± 0.9 40.7 ± 2.7 200 ± 30 na 

Oxytocin 67.1 ± 7.7 34.1 ± 2.7 64.9 ± 8.0 262 ± 39 164 ± 7 

U46619  60.3 ± 2.9 32.4 ± 2.3 58.5 ± 3.7 198 ± 13 183 ± 9 

Phenylephrine 57.7 ± 6.8 29.1 ± 2.7 54.5 ± 7.4 351 ± 126 132 ± 6 

All values are mean ± SEM. MAMP values are in mN, when normalised they are expressed either as 

the percentage of KCL-induced contraction (%KCL i.e. ( 
𝑀𝐴𝑀𝑃 𝑡𝑜 𝑎𝑔𝑜𝑖𝑛𝑖𝑠𝑡

𝑀𝐴𝑀𝑃 𝑡𝑜 𝐾𝐶𝑙
 ) . 100) or divided by the 

cross section area or component cross section area in these cases they are expressed as mN/mm2. 

Data was acquired from 72 strips for KCl-induced contractions and 24 strips for all other stimulants. 
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We then examined the effect of these various normalising procedures on the CV% of 

MAMP among 8 parallel strips from the same donor; these are shown in Table 5. 

 
 

A representative plot of the contractile response of 8 parallel strips (from the same 

patient) to KCl is shown in Figure 19. We can see considerable variation in MAMPs, 

potential explanations for this variability are differing cross sectional strip area, 

differences in muscle content or differences in the proportion of muscle cells 

orientated parallel to the long axis of the strip. If these factors do exhert an effect on 

MAMP then the variability in MAMP recordings should reduce when MAMP is 

expressed in terms of the factors. As we can see in Table 5 this is not the case, the %CV 

are not reduced by normalising to the different areas. There is considerable reduction 

when we normalise MAMP to the KCl response. 

 

Figure 19 Representative KCl response 

These are plots of the response to the 

third KCl challenge from 8 strips from 

the same donor. Up arrows mark the 

time point where 30mmo/L KCl was 

added to the baths and down arrows 

indicate when baths were washed with 

PSS. We can see considerable variation 

in the MAMPs achieved by the 8 strips. 

Table 5 Intra-individual %CV of normalised MAMP values  

  MAMP 
𝑴𝑨𝑴𝑷

𝑪𝑨
 

𝑴𝑨𝑴𝑷

𝑺𝑴𝑪 𝒂𝒓𝒆𝒂
 

𝑴𝑨𝑴𝑷

𝐥𝐨𝐧𝐠𝐢𝐭𝐮𝐝𝐢𝐧𝐚𝐥 𝐒𝐌𝐂 𝐚𝐫𝐞𝐚
 %KCl 

KCl  43 ± 5 48 ± 6 47 ± 6 63 ± 11 na 

Oxytocin 36 ± 11 49 ± 15 50 ± 14 60 ± 9 12 ± 3 

U46619 34 ± 11 40 ± 12 33 ± 12 43 ± 13 11 ± 2 

Phenylephrine 24 ± 4 25 ± 5 24 ± 4 63 ± 12 12 ± 5 

%CV were computed for each donor, only the results in which 3 or more strips were 

tested per patient were included, therefore there were n=6 donors for agonists and 

n=9 donors for %KCl. Data are mean ± SEM. MAMP: maximum amplitude of 

contraction, SMC: smooth muscle cells,%KCL: the agonist-induced MAMP divided by 

the KCl MCMP and multiplied by 100 
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2.4 DISCUSSION  

The use of myometrial strips for in vitro pharmacological studies is a valuable tool for 

the assessment of uterine physiology and potential therapeutics (Crankshaw, 2001; 

Wray, 2007). Several important points relating to this technique can be concluded 

from our study and these may have implications for the analysis of in vitro uterine 

pharmacological techniques. This investigation may also throw light on the reason for 

the conflict in results seen in in vitro studies examining possible age (Smith et al., 

2008b; Arrowsmith et al., 2012) and BMI (Zhang et al., 2007; Higgins et al., 2010) 

related myometrial dysfunction which were integral to the generation of the 

hypothesis of this thesis. 

Firstly, despite attempts to cut uniform strips, the cross sectional area of strips varied 

from 0.81 – 3.89 mm2 exhibiting a %CV of 28%. The majority of work in this field uses 

strips dissected in the manner we described. Based on the result of this study it might 

be argued that more precise or automated techniques should be used if the 

experimenter requires strips of a uniform size. 

Secondly, despite stereomicroscopic dissection of the tissue to create strips parallel to 

the gross orientation of observable fibres, there were in fact more fibres running 

perpendicularly to the long axis of the strip (transverse) when this was measured. 36% 

of the smooth muscle was longitudinal and 64% was transverse, when normalised to 

strip cross sectional area, these occupied 18% and 32% of the total strip cross sectional 

area respectively (72 strips). The amount of longitudinal muscle varied considerably 

from 0% to 46% suggesting the superficial gross appearance is not a good indicator of 

fibre orientation within the strip. 

Thirdly, the mean cross sectional area of the strips used in this study was 2.01 ± 0.06 

mm2, of this, 50% was SMC, 39% ECM and 11% other tissue. This differs when 

compared with the percentage of these components calculated from a larger cohort of 

samples in chapter three of this thesis (which were 65%, 33% and 2% respectively, see 

Figure 20), mainly in terms of the smooth muscle and “other tissue” components. The 

difference in SMC and ECM was significant between these two studies (P<0.001 and 

0.030 respectively), the proportions of other tissue could not be compared as the data 
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was heteroscedastic and non-parametric. The reason for this difference may be the 

smaller number of donors, or the effects of the tissue bath experiment conditions on 

the tissue via damage, dehydration or deformation. Shrinkage of smooth muscle cells 

and matrix and a dilation of vessels for example could cause this discrepancy. We do 

not feel that this affects the conclusions of the study as all strips were treated in the 

same way but it may propose a caveat that structural studies carried out after in vitro 

bath experiments may not be representative of the in vivo state. 

 

Figure 20 Comparison of volume fraction measured in two studies 

The graph shows the mean Volume fraction (VV) of SMC, ECM and other tissue in 

myometrial tissue collected in two separate studies. The columns marked n=9 

are from the present fibre orientation study and the n=57 group are from 

chapter 3 of this thesis. There was a significant difference between the volume 

fractions occupied by SMC (P<0.0001) and ECM (P=0.0298) between the studies. 

VV (other tissue, tissue) was not compared as it was not statistically sound. 

 

Fourthly, we observed a high degree of variation in MAMP between strips and 

between donors, and correcting for the cross sectional area of the strip or the 

proportion of longitudinal muscle in the strip did not improve the heterogeneity in 

responses. That the proportion of muscle or longitudinal muscle did not obviously 

effect the force generated by the strip or the variability of the force is an interesting 

observation. This suggests that other factors play a more important role in determining 
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force of contraction. These may include ECM composition or physiological factors. This 

result may also help validate in vitro studies as it illustrates that small differences in 

the size of dissected strips does not influence the contraction considerably so a certain 

amount of human error is allowable in the dissection. It also suggests that for studies 

which examine differences in contractility between populations each strip should serve 

as its own control and large numbers of experiments are required for a reliable 

estimate. This point in relation to experimental design and sample numbers may be 

the cause of the conflicting results of studies on the effect of maternal BMI (Higgins et 

al., 2010; Zhang et al., 2007) and age (Arrowsmith et al., 2012; Smith et al., 2008a) on 

myometrial contractility.  

A potential weakness of this study is that the MAMP of agonist and KCl contractions 

were recorded and normalised to structural measures but spontaneous contractions 

were not investigated. Furthermore, examination of strips of muscle taken from, for 

example, the mouse longitudinal uterine muscle layer at different orientations would 

have been a useful positive control to determine the degree to which fiber orientation 

in the strip affects MAMP. These would be interesting future studies. 

This aspect of the structure-function relation of dissected myometrial strips has not 

previously been measured. The strengths of this study include the large number of 

strips (n=72) measured and the unbiased stereological techniques employed. We can 

conclude that the standard method used for preparing myometrial strips for in vitro 

results in strips of heterogeneous size and composition, and that this does not 

meaningfully affect the contractile force produced by the strip. This suggests there are 

other factors at play which govern the contractile activity of such strips; these may 

include ECM composition, neuronal signals, telocytes and various signalling pathways. 
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CHAPTER 3 THE SMOOTH MUSCLE AND EXTRACELLULAR 

MATRIX CONTENT OF TERM MYOMETRIUM 

3.1 INTRODUCTION 

In this chapter we have analysed the proportion of smooth muscle (SMC), extracellular 

matrix (ECM) and other tissue in human term myometrium. The myometrium is 

composed predominantly of smooth muscle cells embedded in an extracellular matrix. 

Both of these components are altered during pregnancy and significantly affect the 

activity of the uterus (Aguilar and Mitchell, 2010a). Our knowledge of the relative 

proportions of SMC and ECM that exist in normal myometrium, is limited.  

Several studies show a lack of uniformity in the composition of myometrium from 

different parts of the uterus. Studies suggest that the smooth muscle content of the 

uterus progressively diminishes from the fundus to the cervix (Schwalm and 

Dubrauszky, 1966) and that there is a higher proportion of muscle in the inner 

myometrial layers compared to the outer (Cunningham et al., 2005). It has been 

described that there is a higher proportion of muscle in the anterior and posterior 

walls of the body as compared to the lateral walls (Cunningham et al., 2005). However, 

apart from the belief that myometrial muscle fibres undergo hypertrophy during 

pregnancy (Cunningham et al., 2005; Ramsey, 1994) and that there may be an increase 

in collagen and elastin during pregnancy (Woessner and Brewer, 1963) there are no 

data, to our knowledge, evaluating the relative proportions of SMC and ECM in human 

myometrium obtained during pregnancy, in any clinical state. 

The link between the proportion of muscle in the uterus and contractility may be 

intuitive but there is also an effect of ECM content; women with slow progress of 

labour demonstrated a higher concentration, and lower extractability, of collagen in 

the lower uterine segment compared to women with normal progress (Granstrom et 

al., 1991).  
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Whether myometrial composition is influenced by the maternal characteristics of BMI, 

age or parity is also unknown. Obesity (Zhang et al., 2007; Vahratian et al., 2004; Lynch 

et al., 2008a; Barau et al., 2006) and advanced maternal age (Arrowsmith et al., 2012) 

are associated with adverse obstetric outcomes and the aetiology of this is also not 

known. In this study we have quantified the SMC and ECM content of term human 

myometrium and assessed these parameters in relation to maternal BMI, age and 

parity. 

 

3.2 METHODS 

3.2.1 Tissue acquisition 

Samples were collected from the lower uterine segment as described in section 2.2.1 

with the exception that following collection samples were initially placed in 

physiological salt solution containing: 4.7 mmol/L potassium chloride, 118 mmol/L 

sodium chloride, 1.2 mmol/L magnesium chloride, 1.2 mmol/L Ca2+ chloride, 1.2 

mmol/L potassium phosphate, 25 mmol/L sodium bicarbonate, and 11mmol/L glucose 

and fixed within a short time. 

162 samples were collected, of these several subsets were used for the various 

analyses, in most cases the sample was cut randomly in two parts and one part was 

processed for paraffin or OCT embedding while the remainder was embedded in epon 

resin. Tissue blocks were embedded in a random fashion so that any resulting sections 

were considered to be isotropic uniform random sections. 

 

3.2.2 Grouping of study participants 

The clinical details of the women used in each study are provided at the start of each 

results section. Women were compared by several clinical characteristics namely: BMI, 

age and parity. The WHO guidelines for BMI classification were used to group women 

into normal BMI, overweight and obese categories (see appendix 1.2). Age was 

compared by categorizing women into a younger group (below the mean age of the 

groups) and the older group (above this mean age). Nulliparous women were also 

compared to multiparous (1-4 previous pregnancies) women. 
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3.2.3 Paraffin section processing 

The tissue blocks were processed according to the following protocol: 

 Fixed in 4% paraformaldehyde in 0.1M phosphate buffer solution for 48hrs+ at 

4°C (see appendix 1.3 for fixative composition).  

 Placed samples in plastic cassettes  

 Dehydrated in graded ethanol solutions (70, 80, 95, 100, 100% for 16 hrs, 30 

min, 30 min, 1 hr and 1 hr respectively at RT.) 

 Placed in a 50:50 solution of ethanol and xylene for 30mins. 

 100% xylene for 1 hr 

 100% xylene for 30 mins 

 100% paraffin for 3 hrs at 56°C 

 100% paraffin for 16 hrs at 56°C 

 Placed sample in a mould which is then filled with paraffin and allowed to 

solidify. 

 Sections (5 µm) were cut with a Leica microtome, mounted on Twinfrost glass 

slides and stored at RT. 

3.2.4 VV of SMC and ECM in myometrial tissue 

Biopsies from 57 women were used to analyse the proportion of SMC and ECM in the 

term myometrium. Paraffin sections were stained using a modified Masson’s 

trichrome method (Masson, 1929; Foot, 1933) (see appendix 1.8 for details).  This 

results in red SMC, blue-green collagen and purple nuclei. Simple point counting 

stereological methods, as described by Howard and Reed (Howard and Reed, 1998b; 

Gundersen and Jensen, 1987) were used to assess the volume fractions (VV) of the 

SMC content and the extracellular matrix content relative to the tissue i.e. the fraction 

of total tissue volume occupied by SMC or ECM respectively. The premise of this 

method is as follows: in a tissue block containing a phase, Y, such as cells, if we 

examine sections of the tissue, the area of Y relative to the area of the section will be 

proportional to the volume of Y relative to the volume of the tissue block. Instead of 

measuring the area of SMC or EMC in each section we are sampling specific points (e.g. 

of 1 µm separation) using a grid of points superimposed on the section, then the type 
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of tissue underlying each point is taken as representative of what is under the area 

associated with each point (1 µm2). 

Images were captured with a Leica brightfield microscope using a uniform random 

sampling approach this involves taking an initial image from a random area of the 

section and subsequent images were taken at regular (non-overlapping) intervals from 

this starting point. A 36 point grid with a point spacing of 36 µm was superimposed on 

the image and each intersection of lines on this grid was considered a sampled point. 

This was done simply by overlaying a sheet of acetate bearing the grid onto the 

computer monitor. The number of points coinciding with SMC, ECM (including 

fibroblasts embedded in the matrix), other tissue (vessel walls and lumina, blood cells, 

neuronal) and any space around the section or damage artefact was counted. This 

method is demonstrated in Figure 21.  

 

Figure 21 Method for estimation of VV (SMC, Tissue) and VV (ECM, Tissue)  

A representative Masson’s trichrome stained section image is shown, with the 

superimposed grid demonstrated, and examples of ‘points’ highlighted. Points 

overlying SMC are circle in black and those overlying ECM are circled in yellow. 

ECM: extracellular matrix, SMC: myometrial smooth muscle cell. 
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A total tissue count was calculated by summing SMC, ECM and other tissue points. The 

general VV equation is shown in Equation 4 and an example of how this was applied for 

the volume fraction of SMC in myometrial tissue (VV (SMC, Tissue)) is shown in 

Equation 5. P(Y) refers to the number of points overlying our compartment of interest, 

in our example this is SMC and P(ref) is the number of points overlying our reference 

space, in our example this is all of the myometrial tissue. Pp is the fraction of total 

tissue points that overlie Y, this is an estimate of the average VV (Howard and Reed, 

1998b). 

 

 

 

The VV can be multiplied by 100 to obtain the percentage of the total tissue occupied 

by that component. VVs for each biopsy were calculated from the total points count of 

10 fields of view (i.e. 360 points were sampled per patient). The optimum number 

measurement points was determined using an average summation graph (Aherne and 

Dunnill, 1982) This involves calculating a cumulative average VV after each additional 

image and continuing to count images until the cumulative average achieves a steady 

state (does not vary by >5%). 

3.2.5 Statistical Analysis 

For all studies, while conducting stereological analysis the assessor was blinded to the 

clinical features of the donors. Data were tested for normality using an Anderson-

Darling test or a D’Agostino and Pearson omnibus normality test, and for equal 

variance with a Fishers F-test. Normal homoscedastic data were compared using 

Student’s unpaired t-test assuming equal variance. Normal heteroscedastic data were 

compared with a Student’s unpaired t-test without the assumption of equal variance 

(Welch’s correction). Non-normal homoscedastic data was either log transformed to 

attain normality or compared with a Mann-Whitney U-test.  

Equation 4 Volume Fraction (Y, ref) 

�̂�𝑉(𝑌, 𝑟𝑒𝑓) =  𝑃𝑝(𝑌, 𝑟𝑒𝑓) =  
𝑃(𝑌)

𝑃(𝑟𝑒𝑓)
 

Equation 5 Volume fraction (SMC, tissue) 

�̂�𝑉 (𝑆𝑀𝐶, 𝑡𝑖𝑠𝑠𝑢𝑒) =  
𝐴𝑙𝑙 𝑆𝑀𝐶 𝑝𝑜𝑖𝑛𝑡𝑠 𝑓𝑟𝑜𝑚 𝑎𝑙𝑙 𝑔𝑟𝑖𝑑𝑠

𝐴𝑙𝑙 𝑡𝑖𝑠𝑠𝑢𝑒 𝑝𝑜𝑖𝑛𝑡𝑠 𝑓𝑟𝑜𝑚 𝑎𝑙𝑙 𝑔𝑟𝑖𝑑𝑠
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Multiple-comparisons were made using ANOVA for normal data and Kruskal-Wallis test 

for non-normal data. The proportion of nulliparous and multiparous women in the BMI 

and age groups was compared with a Fisher’s exact test. Statistical analysis was carried 

out with Minitab software except for correlations which were evaluated using 

GraphPad Prism. Spearman’s correlation coefficient, rs, was calculated for non-

parametric data and Pearson’s correlation coefficient of determination, r2, was 

calculated for normal data. A P-value of <0.05 was considered significant. Data are 

expressed as mean ± standard error of the mean (SEM). 

 

3.3 RESULTS 

3.3.1 Clinical details 

The clinical details of the 57 women included in the study are shown in Table 6. The 

participants were separated into three BMI groups for comparisons: normal BMI 

(n=26), overweight BMI (n=13) and obese BMI (n=18).  They were also split into two 

age groups: those below the mean age of 33.8yrs (n=24) and those above this mean 

age (n=33). The nulliparous (n=16) and multiparous (n=41) women were also 

compared. The median gestation at Caesarean delivery was 39 wks (range 38-

40wks).The reasons for Caesarean delivery are given in Table 58. The mean BMI, age 

and median parity (and their corresponding ranges) are given in Table 6. There was a 

significant difference in BMI between the two parity groups and a difference in the 

proportion of nulliparous to multiparous women in the overweight compared to obese 

BMI group. There were no other differences between the maternal characteristics of 

the groups, the P-values for these comparison tests are given in Table 7. 
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Table 6 Clinical details for 57 women 

Clinical Detail 
All 

women 

Normal 

BMI 

Over-

weight 

BMI 

Obese 

BMI 
Younger Older 

Nulli-

parous 

Multi-

parous 

n  57 26 13 18 24 33 16 41 

Gestation, 

wks (median, 

range) 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

BMI  

(mean, range) 

27.2, 

20.3-38.3 

22.9, 

20.3-24.9 

27.6,  

25.4- 

29.5 

32.2, 

30.1-

38.3 

27.5, 

21.1- 

38.3 

27.0, 

20.3-

37.9 

25.1,  

21.2- 

32.8 

28.0,  

20.3- 

38.3 

Age, yrs 

(mean, range 

33.8,  

18-45 

32.8,  

18-42 

35.6,  

27-42 

33.7,  

22-45 

28.5,  

18-33 

37.6,  

34-45 

31.4,  

18-42 

34.7,  

22-45 

Parity 

(median, 

range) 

1, 0-4 1, 0-2 1, 0-2 2, 0-4 1, 0-4 1, 0-2 0, 0-0 1, 1-4 

Nulliparous 16 8 6 2 9 7 16 0 

Parity=1 23 11 6 6 6 17 0 23 

Parity=2 16 7 1 8 7 9 0 16 

Parity=3 1 0 0 1 1 0 0 1 

Parity=4 1 0 0 1 1 0 0 1 

   

 

 

 

    

         

         

         

         

         

         

         

         

         

         

         

 

Table 7 Maternal characteristics of the groups: P-values 

 
BMI Age Parity 

BMI groups <0.001 0.499 * 

Younger v Older 0.735 <0.001 0.236 

Nulliparous v Multiparous 0.038 0.052 <0.001 

*There was no significant difference in the proportion of nulliparous and multiparous women 

between the normal BMI and overweight groups (P=0.482) or between normal BMI and 

obese groups (P=0.161) however there was a difference in the proportion of nulliparous to 

multiparous women in the overweight compared to obese BMI groups (P=0.043). 
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300µm 

3.3.2 Qualitative analysis 

A typical view of Masson’s trichrome 

stained myometrium is shown in 

Figure 22. Smooth muscle and 

collagen may be clearly differentiated 

with this stain as seen in the image 

below. Vessels can be seen 

surrounded by collagen and 

interspersed between collections of 

muscle fibres. The muscle fibres are 

arranged in variably sized bundles, 

within each bundle the fibres have a 

uniform orientation but there is no 

obvious pattern of bundle 

orientation. The “other tissue” 

category used for analysis included 

vascular cells, neuronal cells, 

erythrocytes and immune cells. Space 

artefacts from disruption of the 

section or space at the edges of 

sections were excluded from 

measurements. 

 

 

 

 

 

Figure 22 Masson's trichrome stained myometrium 

This is a merged image created in Microsoft Image Composite Editor for 

illustrative purposes. Smooth muscle is purple-pink, collagen is blue-green, 

erythrocytes are bright red and nuclei are purple. 

Blood vessel 

Smooth muscle cells 

Extracellular matrix 
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3.3.3 VV SMC, ECM and other tissue in myometrium 

3.3.3.1 Group comparisons 

The mean (±SEM) percent of the total tissue occupied by myometrial smooth muscle, 

extracellular matrix and other cell types is shown in Table 8 and the P-values of the 

comparison tests are also given in this table. These data are represented 

diagrammatically in Figure 23 and Figure 24. There was a significant difference 

between the VV (other tissue, tissue) of the BMI groups (P=0.007) this is illustrated in 

Figure 25. This remained true when 2 outliers in the obese group were excluded. A 

post hoc Tukey test showed that VV (other tissue, tissue) of the normal group was 

significantly less than the obese group (P<0.05), and the overweight group had a value 

lying between, but not significantly different from, the other two groups. There were 

no other significant differences between the groups for any of the measured 

parameters. 

 

 

Table 8 Tissue composition of the groups 

 
SMC ECM Other tissue 

All 0.65 ± 0.01 0.33 ± 0.01 0.02 ± 0.004 

Normal BMI 0.66 ± 0.02 0.33 ± 0.02 0.01 ± 0.004 

Overweight BMI 0.64 ± 0.02 0.35 ± 0.02 0.02 ± 0.005 

Obese BMI 0.66 ± 0.03 0.31 ± 0.02 0.04 ± 0.013 

P-value 0.818 0.316 0.007* 

Younger 0.63 ± 0.02 0.34 ± 0.02 0.03 ± 0.098 

Older 0.67 ± 0.01 0.32 ± 0.01 0.02 ± 0.003 

P-value 0.103 0.207 0.182 

Nulliparous 0.65 ± 0.01 0.34 ± 0.01 0.02 ± 0.003 

Multiparous 0.65 ± 0.02 0.32 ± 0.01 0.02 ± 0.006 

P-value 0.822 0.538 0.837 

SMC: smooth muscle cell, ECM: extracellular matrix. Values are mean ± SEM. *A post hoc 

Tukey’s test revealed that this P-value was as a result of a decreased VV (other tissue, 

tissue) of the normal group compared to the obese group (P=<0.05). 
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Figure 23 VV of tissue components 

The mean ± SEM VV for each of the tissue components is shown for each group. 

VV values are ratiometric and therefore unitless. There was a significant 

difference in VV (other tissue, tissue) between the normal and obese BMI groups 

(P=0.007). 

Vv (SMC, tissue)

A
ll

N
orm

al
 B

M
I

O
ve

rw
ei

ght B
M

I

O
bes

e 
B
M

I

Y
ounger

O
ld

er

N
ulli

par
ous

M
ulti

par
ous

0.0

0.2

0.4

0.6

0.8

Vv (ECM, tissue)

A
ll

N
orm

al
 B

M
I

O
ve

rw
ei

ght B
M

I

O
bes

e 
B
M

I

Y
ounger

O
ld

er

N
ulli

par
ous

M
ulti

par
ous

0.0

0.1

0.2

0.3

0.4

Vv (Other tissue, tissue)

A
ll

N
orm

al
 B

M
I

O
ve

rw
ei

ght B
M

I

O
bes

e 
B
M

I

Y
ounger

O
ld

er

N
ulli

par
ous

M
ulti

par
ous

0.00

0.02

0.04

0.06

B

C

A

*



Chapter 3 The SMC and ECM content of term myometrium 

 

84 

 

 

Figure 24 Tissue composition 

The mean fraction of SMC, ECM and other tissue in myometrium from each 

group is shown graphically above. 
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Figure 25 Reduced VV (other tissue, tissue) in obese myometrium 

Panel A shows Masson’s trichrome stained myometrium from a woman with a 

BMI of 22 and panel B shows myometrium from a woman with a BMI of 32, we 

can see a greater proportion of vascular tissue in the tissue from the obese 

woman. 
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3.3.3.2 Correlation 

No significant correlations between the maternal characteristics and VV values were 

observed when compared with Pearson’s or Spearman’s rank correlation tests, see 

Figure 26 and Table 9.  

 

 

Figure 26 VV of tissue components and maternal characteristics 

Each point represents a patient biopsy sample. There were no significant 

correlations observed between the measured variables and maternal BMI, age or 

parity. 
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3.4 DISCUSSION 

There is little data in the literature describing the relative volumes of smooth muscle 

and extracellular matrix in the myometrium, despite the likely effects of the former 

and also of the latter (Huszar and Roberts, 1982) on myometrial function. This study 

achieved two main aims, firstly to quantitatively measure the relative SMC and ECM 

content of human term myometrium and secondly to analyse any disruption in this 

ratio with respect to the maternal clinical characteristics of BMI, age and parity.  

There are few studies in the literature which describe myometrial composition, these 

include a study by Schwalm and Dubrauszky (1966) analysed SMC content of seven 

gravid uteri spaced throughout pregnancy and excised during hysterectomy for cancer 

or autopsy, they reported a smooth muscle content between 40-50% in the body of 

the uterus and 10% in the cervix. The strengths of this study include the large sample 

number taken at the same time point and the unbiased stereological methods which 

were used. 

Table 9 Tissue composition: Correlation test P-values 

    VV (SMC, tissue) VV (ECM, tissue) 
VV (other tissue, 

tissue) 

BMI r2/rs 0.38 2.53 0.18 

 
P 0.650 0.237 0.175 

Age r2/rs 4.43 2.3 -0.11 

 
P 0.116 0.260 0.415 

Parity r2/rs 1.18 0.36 0 

 
P 0.422 0.659 0.987 

Pearson’s correlation tests were performed for VV (SMC, tissue) and VV (ECM, tissue) 

and Spearman’s correlation tests were performed for VV (other tissue, tissue). The 

determinant of correlation, r2, was calculated for Pearson’s correlation coefficents but 

only Spearman’s rs is reported for the VV (other tissue, tissue) data as r2 calculation for 

this test is not appropriate. No significant correlations were observed. 
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The results outlined in this study suggest that the lower uterine segment in pregnancy 

may well have a smooth muscle cell content (~65%, range 39-86%) that is 

proportionally equivalent to reported values for the body of the uterus (40-

50%)(Schwalm and Dubrauszky, 1966). Taking biopsies from the upper uterine 

segment is rarely feasible due to safety and ethical constrains hence most in vitro 

studies use lower uterine segment tissue. Our study helps to validate in vitro studies of 

myometrium as being representative of the uterus as a whole at least in terms of 

muscle content.  

Maternal obesity is associated with increased rates of Caesarean section compared to 

parturients of normal BMI (Vahratian et al., 2004; Weiss et al., 2004). It is established 

that myometrium from obese women contracts with less force, less frequency and less 

Ca2+ influx than from normal weight women (Zhang et al., 2007). Advanced maternal 

age is also associated with increased Caesarean section rates and possibly reduced 

myometrial contractility (Arrowsmith et al., 2012). This study investigated the 

possibility of a quantitative difference in the SMC or ECM content of the uterine wall in 

relation to advancing BMI or maternal age and we have clearly demonstrated that this 

is not the case. These findings indicate that if uterine contractility is less efficient in 

obese or older mothers, that it is mediated functionally or via other structural 

considerations and not via altered smooth muscle mass. 

The amount of “other tissue” varied considerably from 0-20%; this included vascular, 

neuronal and haematological cells. There was an increased proportion of “other 

tissue” in the obese group compared to the normal groups (P=0.007). This remained 

true when 2 very high values in the obese group were excluded (P=0.045). This may 

present an interesting avenue of investigation to elucidate reasons behind the 

dysfunction of obese myometrium. In chapter seven we will study aspects of the 

vascular component of this “other tissue” and examine these aspects with respect to 

maternal BMI. 
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The limitations to this study include the lack of tissue from other anatomic sites or 

time points in pregnancy, as these are difficult to obtain for ethical reasons. These 

would allow us to examine the hypertrophy of smooth muscle and possible changes in 

ECM which occur with pregnancy. The multiparous group had a slightly higher BMI 

than the nulliparous group (P=0.038, 28 vs 25.1 kg/m2). There was also a higher ratio of 

nulliparous to multiparous women in the overweight group compared to the obese 

group (P=0.043, 6:7 vs 2:16 nulliparous: multiparous). Looking at the correlation tests 

that examined the effect of parity on the measured variables we did not feel that 

parity had a significant effect on the results. 

In conclusion, this study outlines the normal smooth muscle and extracellular matrix 

content of human myometrium obtained from the lower uterine segment, in the late 

third trimester of pregnancy, prior to labour onset, and demonstrates that there is no 

significant difference in either of these outcome measures in association with maternal 

BMI, age or parity. An increase in non-muscular and non-matrix constituents was 

observed with increasing maternal BMI and the vascular component of this will be 

further explored in chapter seven.
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CHAPTER 4 MYOMETRIAL SMOOTH MUSCLE CELL NUCLEAR 

MORPHOLOGY 

4.1 INTRODUCTION 

This chapter will examine several structural aspects of the myometrial SMC nucleus. 

The first section details the volume fraction of the nucleus (the proportion of the cell 

occupied by the nucleus), the mean nuclear volume and the composition of the 

nucleus. The second section will assess the degree of variation in nuclear volumes. 

4.1.1 Nuclear and nuclear component volume and VV (nucleus, SMC) 

Many fundamental morphological parameters of normal term myometrium have not 

been described. In the following studies we aim to provide unbiased quantitative data 

on the volume of the nuclei of term myometrial SMC nuclei and the fraction this 

represents of cell volume. Furthermore we will assess the composition of SMC nuclei in 

terms of euchromatin, heterochromatin and nucleoli content. We will also examine 

the effect, if any, of the maternal characteristics of BMI, age and parity on these 

values.  

Nuclear volume is a useful morphological parameter to examine as it can serve as an 

indicator of RNA transcriptional activity in several cell types (Schmidt and Schibler, 

1995; Sato et al., 1994). This is likely due to the larger volume of actively transcribing 

DNA (euchromatin) versus compacted inactive heterochromatin.  

Nuclear volume is also strongly correlated to cell size, the ratio of nuclear to cell 

volume, the karyoplasmic ratio (VV (nucleus, SMC)), is constant throughout the cell 

cycle suggesting this ratio has important implications for cell function (Jorgensen et al., 

2007). Indeed, disruptions to this ratio are seen in certain cancers and also in aging 

(Tange et al., 2002; Prokocimer et al., 2009; Webster et al., 2009; Smialowska et al., 

1988). The anatomy of myometrial nuclei in pregnancy is not well described, early 

qualitative studies indicate an increase in length and width of nuclei in myometrium 
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from pregnant women but there are no quantitative studies reliably describing this 

parameter (Cole and Garfield, 1989b).  

Actively transcribing DNA (euchromatin) is less compact than inactive condensed DNA 

(heterochromatin), thus nuclear volume may be influenced by the relative abundance 

of these DNA states. This ratio also therefore serves as an indicator of RNA 

transcriptional activity (Schmidt and Schibler, 1995; Sato et al., 1994). In this section 

we will examine the volume fraction of euchromatin, heterochromatin and the nucleoli 

in myometrial SMC nuclei. By combining this data with the corresponding SMC nuclear 

volumes we can determine the mean volume of these components in the nucleus. 

4.1.2 Variation in SMC nuclear volumes 

Variation in nuclear volumes can be assessed in 2D sections by calculating both the 

number-weighted mean volume (𝒗𝑵̅̅ ̅̂̅ ) and volume-weighted mean nuclear volume (𝒗𝑽̅̅̅̂̅ ) 

and assessing the difference between these two measures. To estimate nuclear 

volume we measure a selected sample of nuclei. For number-weighted nuclear volume 

(described in section 4.3.3), these nuclei are selected based on their number, i.e. all 

nuclei have an equal chance of being selected. This estimate is outlined in section 

4.3.3.  If we sample based on the volume of the nucleus, i.e. larger nuclei have a 

greater chance of being selected, then we can estimate the volume-weighted mean 

nuclear volume. This is usually greater than the number-weighted nuclear volume. 

Using these two measures we can derive the coefficient of variation between nuclear 

sizes in the number-weighted distribution (CVN (V)). This gives an indication of the 

variability or spread in nuclear sizes. 

4.1.3 Aims 

Whether maternal BMI, age or parity affect the processes that regulate myometrial 

SMC nucleus growth during pregnancy is not known. The primary aims of the present 

study were to evaluate morphological aspects of human myometrial nuclear from 

tissue samples obtained from women in pregnancy and to investigate the effects of 

maternal BMI, age and parity on these parameters. 
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4.2 METHODS 

4.2.1 Resin section processing for TEM 

From the previously mentioned 57 biopsies (chapter 3) a subset of 30 biopsies were 

selected for analysis at the ultrastructural level. These were processed for transmission 

electron microscopy (TEM) as follows. 

 Fixed in 2% glutaraldehyde and 2% paraformaldehyde in a 0.1 M sodium 

cacodylate/HCl buffer solution for 48 hrs+ at 4°C (pH7.2).  

 Rinsed in 0.1M sodium cacodylate buffer 

 Cut into approximately 2 mm3 cubes.  

 Post-fixed in 1% osmium tetroxide in water solution for 2 hrs at RT. See 

appendix 1.4 and 1.5 for further details of the fixatives used. 

 Dehydrated in graded ethanol solutions (30, 50, 70, 90, 100, 100% for 20 mins 

each).  

 Infiltrated with a graded series of resin solutions while gently agitating 

o 100% propylene oxide for 30 mins 

o 50:50 mixture of the propylene oxide and resin for 16 hrs 

o 25:75 mixture of the propylene oxide and resin for 3 hrs  

o 100% resin solution for a further 16 hrs.  

 Placed samples in moulds to which fresh resin was added and polymerized at 

60°C for >48 hrs. 

 The resulting blocks were roughly trimmed  

 1 µm thick “semi-thin” sections were cut using a glass knife and a Leica 

UltracutE ultramicrotome and mounted on glass slides.  

 Semi-thins were stained with a 1% toluidine blue solution for 20 sec, dried on a 

hotplate, rinsed in water, mounted in DPX and coverslipped. 

 The semi-thin image was assessed and used to guide further trimming of the 

block face.  

 Ultrathin 80-100 nm thick sections were cut with a 45° Diatome diamond knife 

and mounted on 200-250 mesh copper grids. 
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 These were stained in 0.5% aqueous uranyl acetate (w/v) for 30 mins and 0.5% 

lead citrate for 10 mins using a Leica EM AC20 stainer.  

 Grids were viewed with a Hitachi H7000 transmission electron microscope 

equipped with a 1K Hamamatsu digital camera and captured with AMTV542 

Image Capture Engine software. 

 

4.2.2 Number-weighted mean nuclear volume of SMC nuclei 

Toluidine blue-stained semi-thin sections from the aforementioned 30 samples 

processed for TEM were used for measurement of the number-weighted mean nuclear 

volume. The “nucleator” technique was used for this purpose, this is a stereological 

method that estimates the volume of a particle, with an equal weighting given to every 

particle when calculating the mean (Gundersen, 1988; Gundersen et al., 1988). In this 

method four orthogonal radii, I, are measured from a random point in the particle to 

the particle’s perimeter. For nuclear volume analysis the nucleolus is commonly used 

as this random point, an initial radius is measured at an isotropic starting angle from 

the center of the nucleolus to the nuclear membrane the other three radii are at 90, 

180 and 270° to the initial radius. These measurements can be used as shown in 

Equation 6 to estimate number-weighted mean nuclear volume. 

 

Images from two tissue blocks of random orientation were captured using a 60x Oil 

immersion lens on an Olympus BX61 brightfield microscope and images were viewed 

using Image-Pro Analyzer software. The Image-Pro software allows the user to draw 

the radii on the image and digitally measure their length in pixels; this is shown in 

Figure 27. This length can then be converted to microns using the magnification factor 

as determined from a slide bearing a graticule, imaged and viewed under the same 

conditions as the other images. 40 nuclei were measured per tissue block i.e. 80 nuclei 

were measured per patient.  

Equation 6 Number-weighted mean nuclear volume 

𝑉𝑁
̅̅ ̅̂  =  
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“Semi-thin” (1 µm) thick sections were used for this analysis instead of 5 µm wax 

sections as it helps to reduce the problem of overprojection, in a 5 µm section the 

nuclear border that you will see represents the largest nuclear profile within that 5 µm 

of thickness, ideally we want to view a single 2D plane, the 1 µm section is an 

acceptable compromise to this. We performed a laborious quality control process to 

confirm this on several biopsies, this involved taking two serial semi-thin sections and 

measuring only the nuclei with nucleoli which appear in one section and not the other 

(the disector principle) hence selecting the nucleolus randomly in 3D space. The 

nuclear volumes obtained with and without this physical dissector did not differ 

considerably so it was deemed acceptable to continue without it. 

Using semi-thin resin sections for this study also allows us to relate our nucleator 

measurements to our VV (SMC nucleus, cell) measurements as they will have 

experienced the same degree of tissue shrinkage during processing. 

 

Figure 27 Number-weighted mean nuclear volume assessment 

A representative image of toluidine blue stained 1µm sections of myometrium is 

shown. To quantify nuclear volume each SMC nucleus in the image with a visible 

nucleolus was selected and 4 radii (yellow lines) were measured. 
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4.2.3 VV of the nucleus in SMC 

The 30 samples described in 4.2.2 were imaged with under TEM (x2500 magnification) 

as described in section 4.2.1, for the assessment of nuclear volume fraction. SMC 

nuclei are visible under light microscopy but TEM was used for this analysis as it allows 

better differentiation of nuclear borders and cell type. 

The mean volume fraction of the SMC nucleus relative to the cell (VV (nucleus, SMC)) 

was estimated using a point counting method. A 144 point grid (with a point spacing of 

5µm) was superimposed on TEM ultramicrographs which were captured in a uniform 

random manner. Image-Pro Analyzer software (version 6.3.0.512, Media Cybernetics 

Inc. Rockville, MD, USA) was used to overlay a user-defined grid on an image digitally 

and to tag each intersection with a colour coded label representing the tissue phase it 

overlies. 20 fields of view were counted for each donor giving a total of 2880 sampled 

points per patient. The number of points coinciding with SMCs and their nuclei were 

counted and the mean VV (nucleus, cell) for myometrial smooth muscle cells was 

calculated as per Equation 7. An example count is shown in Figure 28 using a grid of 

half the size than that which was used in the study for the purposes of clarity. 

 

 

Equation 7 Volume fraction (nucleus, SMC) 

�̂�𝑉 (𝑁𝑢𝑐𝑙𝑒𝑢𝑠, 𝑆𝑀𝐶) =  
𝐴𝑙𝑙 𝑆𝑀𝐶 𝑁𝑢𝑐𝑙𝑒𝑢𝑠 𝑝𝑜𝑖𝑛𝑡𝑠 𝑓𝑟𝑜𝑚 𝑎𝑙𝑙 𝑔𝑟𝑖𝑑𝑠

𝐴𝑙𝑙 𝑆𝑀𝐶 𝑝𝑜𝑖𝑛𝑡𝑠 𝑓𝑟𝑜𝑚 𝑎𝑙𝑙 𝑔𝑟𝑖𝑑𝑠
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Figure 28 Point counting method for estimation of VV (nucleus, SMC) 

Shown is an example of the counting process for estimation of VV (nucleus, SMC). 

Intersections overlying all non-nuclear SMC structures are circled in red and 

those overlying SMC nuclei are circled in yellow. Both counts are summed to give 

the total SMC count and the nucleus point count may then be expressed as a 

fraction of this total SMC count. 

 

4.2.4 VV and volume of heterochromatin, euchromatin and nucleoli in SMC 
nuclei 

To further investigate nuclear volume in these 30 samples we assessed the proportions 

of heterochromatin, euchromatin and nucleoli in the SMC nucleus. The nucleus is 

simplified into these three compartments for the purposes of this analysis. The TEM 

micrographs (x2500 magnification) used for VV (SMC Nucleus, cell) were used for this 

part of the study, a sample measurement is shown in Figure 29.  
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Images were viewed with NIH ImageJ freeware (NIH, Bethesda, MA). SMC nuclei were 

manually traced and selected, and their area (in pixels) digitally measured. The 

selected nucleus was then thresholded based on pixel intensity so that “dark pixels” 

(heterochromatin and nucleoli) were selected and the “light pixels” (euchromatin) was 

not. An appropriate threshold for each nucleus was manually set by the assessor (Liu 

et al., 2012a). Nucleoli were then also manually traced and their area in pixels 

measured digitally so that it could be subtracted from the “dark pixel” area to give the 

heterochromatin area. The ratio of euchromatin to heterochromatin pixels was then 

calculated for all 30 biopsies. These concepts are delineated in Equation 8. 

 

 

The VV of each nuclear compartment relative to the nucleus was calculated by dividing 

the number of pixels in a compartment by the number of pixels in the whole nucleus, 

see Equation 9. This technique is an extension of the previous volume fraction 

technique but every pixel can be considered a sampled point. 

 

 

Equation 8 Euchromatin: heterochromatin ratio 

𝑁𝑢𝑐𝑙𝑒𝑢𝑠 = (𝐸𝑢𝑐ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑛 + 𝐻𝑒𝑡𝑒𝑟𝑜𝑐ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑛 + 𝑁𝑢𝑐𝑙𝑒𝑜𝑙𝑖) 

 

𝐷𝑎𝑟𝑘 𝑝𝑖𝑥𝑒𝑙𝑠 = 𝐻𝑒𝑡𝑒𝑟𝑜𝑐ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑛 + 𝑁𝑢𝑐𝑙𝑒𝑜𝑙𝑖 

 

𝐿𝑖𝑔ℎ𝑡 𝑝𝑖𝑥𝑒𝑙𝑠 = 𝐸𝑢𝑐ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑛 

 

𝐷𝑎𝑟𝑘 𝑝𝑖𝑥𝑒𝑙𝑠 − 𝑁𝑢𝑐𝑙𝑒𝑜𝑙𝑖 = 𝐻𝑒𝑡𝑒𝑟𝑜𝑐ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑛 

 

𝐸𝑢𝑐ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑛: 𝐻𝑒𝑡𝑒𝑟𝑜𝑐ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑛 𝑟𝑎𝑡𝑖𝑜 =  
𝐸𝑢𝑐ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑛 𝑝𝑖𝑥𝑒𝑙𝑠

𝐻𝑒𝑡𝑒𝑟𝑜𝑐ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑛 𝑝𝑖𝑥𝑒𝑙𝑠
 

Equation 9 Volume fraction (Y, ref) from pixel counts 

𝑽�̂� (𝒀, 𝒓𝒆𝒇) =
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒑𝒊𝒙𝒆𝒍 𝒐𝒇 𝒀 𝒊𝒏 𝒕𝒉𝒆 𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒔𝒑𝒂𝒄𝒆

𝑵𝒐 𝒐𝒇 𝒑𝒊𝒙𝒆𝒍𝒔 𝒐𝒇 𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒔𝒑𝒂𝒄𝒆
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The VV of the remaining nuclear components was then calculated by subtracting VV 

(euchromatin, nucleus) and VV (heterochromatin, nucleus) from 1. The mean pooled 

volumes of heterochromatin, 

euchromatin and nucleoli per 

nucleus were then calculated by 

multiplying the VV of each of 

these compartments with the 

nuclear volume calculated in 

section 4.2.2. 

 

Figure 29 Euchromatin, 

heterochromatin and nucleoli 

quantification 

Panel A shows the raw image 

with nucleus outlined, the 

number of pixels in this 

outlined area is counted as 

shown in the results window. 

Panel B shows the same image 

with an intensity threshold 

applied, only the darker pixels 

(highlighted in red) are 

counted: this is the “dark” 

pixels (heterochromatin + 

nucleolus) count. The 

euchromatin count can be 

calculated by the total nucleus 

count minus the dark pixel 

count. In panel C the threshold 

is the same as in B, but the 

nucleolus has been outlined 

and counted giving the 

“nucleolus” count. This can 

then be subtracted from the 

dark pixel count to obtain the 

heterochromatin count.  
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4.2.5 Volume-weighted mean nuclear volume 

The same images used for assessment of number-weighted mean nuclear volume 

(section 4.2.2) were used in this section so that the results may be compared. Volume-

weighted mean nuclear volume is calculated in two steps, first, nuclei are 

preferentially selected based on their volume using the point sampled intercept 

method. This involves superimposing a grid of points (this was done with ImageJ 

software, see Figure 30, and a macro detailed in appendix 1.9.2) on an image and 

selecting nuclei which overlie these points. A selected nucleus is then measured; if two 

intersections should underlie a nucleus then it is measured twice. Nuclei are measured 

by recording the length of nuclear profile along a horizontal line that intercepts the 

grid point. The magnification factor was calculated using an image of a graticule and all 

measurements were converted to microns. Each intercept length of a nucleus, l, is 

cubed and the average cubed length for each patient was calculated from Equation 10. 

At least 50 nuclei were measured for each patient.  

 

  

Equation 10 Volume-weighted mean nuclear volume 

𝒗𝑽̅̅̅̂̅  =
𝝅

𝟑
 . �̅�𝟎

𝟑 =  
𝝅

𝟑 . 𝒏
 . ∑(𝒍𝟎

𝒏

𝒊=𝒍

, 𝒊)𝟑 
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Figure 30 Volume-weighted mean nuclear volume using ImageJ 

Images were opened in ImageJ software and the macro shown in the image (and in 

appendix 1.9.1) was run. This enhanced the contrast of the image, removed any scale 

so that measurement were taken in pixels, and applied a grid of points (yellow crosses) 

with a user defined spacing ( 160pixels, 11.42 µm). Nuclei underlying yellow crosses 

were selected, the line measurement tool could then be used to measure the length of 

selected nuclear profile along a horizontal line.  
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4.2.6 The coefficient of variation of nuclear volumes 

Using the number-weighted mean nuclear volumes calculated as shown in section 

4.2.2 and the volume-weighted mean nuclear volumes calculated in section 4.2.5, we 

can quantitatively describe the degree of variation in nuclear volumes using Equation 

11. This is the coefficient of variation between particle volumes in the number-

weighted distributions. 

 

 

4.3 RESULTS 

4.3.1 Clinical data 

Table 10 contains the clinical data for the 30 women included in this study. The women 

were split into a normal (BMI 19.5-24.99, n=15) and obese (BMI ≥30, n=15) BMI group 

for the comparison of BMI. They were split into a younger (< the mean age of 32.7yrs, 

n=14) and older (> the mean age, n=16) group for the comparison of age. For the 

comparison of parity they were split into a nulliparous (n=8) and multiparous (n=22) 

group. The differences or lack thereof between maternal characteristics of the groups 

are shown in Table 11 .There were significant differences between the BMIs (P=0.05) 

and ages (P=0.01) of the parity groups.  

 

4.3.2 Qualitative analysis 
Nuclei were found centrally in the cells often associated with mitochondria and 

sarcoplasmic reticulum. Heterochromatin and euchromatin could be easily identified, 

and often several nucleoli were present. Tubular invaginations of both nuclear 

membranes into the nucleus were also observed; in some cases theses were branched. 

The invaginations contained a diffuse material which may represent proteins travelling 

between the nucleus and cytoplasm. These features are shown in Figure 31 

Equation 11 Coefficient of variation of nuclear volumes 

𝑪𝑽𝑵 (𝑽) = √
𝒗𝑽̅̅̅̂̅  

𝒗𝑵 ̅̅ ̅̂̅
 − 𝟏  
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Table 10 Clinical details for 30 women 

Clinical Detail All 

women 

Normal 

BMI 

Obese 

BMI 

Younger Older Nulli-

parous 

Multi-

parous 

n  30 15 15 14 16 8 22 

Gestation, 

weeks (median, 

range) 

39,   

38-40 

39,  

38-40 

39,   

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

BMI  

(mean, range) 

27.8, 

20.3-

38.3 

22.3, 

20.3-

24.7 

33.3, 

30.6-

38.3 

27.4, 

21.1- 

36.2 

28.2, 

20.3-

38.3 

24.4, 

21.1-

32.8 

29.1, 

20.3-

38.3 

Age,(mean, 

range 

32.7,    

18-45 

30.7,  

18-37 

34.8, 

23-45 

27.7,   

18-32 

37.1, 

33-45 

23,  

18-36 

34.5, 

23-45 

Parity (median, 

range) 
1, 0-3 1, 0-2 2, 0-3 1, 0-2 1.5, 0-3 0, 0-0 2, 1-3 

Nulliparous 8 6 2 6 2 8 0 

Parity=1 10 6 4 4 6 0 10 

Parity=2 11 3 8 4 7 0 11 

Parity=3 1 0 1 0 1 0 1 

Reasons for caesarean       

Previous 

caesarean 
18 5 13 6 12 0 18 

Breech 

presentation 
9 9 0 6 3 6 3 

Poor obstetric 

history 
1 1 0 1 0 0 1 

Fetal 

hydrocephalus 
1 0 1 1 0 1 0 

Hypertension 1 0 1 0 1 1 0 
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Figure 31 SMC nucleus 

A branched invagination appears continuous with the cytoplasm and closely 

opposes a large nucleolus. A diffuse material can be seen in the lumen of the 

invagination. Dark heterochromatin can be seen dispersed between the more 

electron lucent euchromatin. 

 

Table 11 Maternal characteristics of the groups: P-values 

 
BMI Age Parity 

Normal v Obese BMI <0.01 0.19 0.215 

Younger v Older 0.69 <0.001 0.101 

Nulliparous v Multiparous 0.049 0.01 <0.001 

Parity differences were assessed with a Fisher's exact test. Tests which reached significance are 

shown in bold.  
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4.3.3 VV (nucleus, SMC) and volume of nucleus 

4.3.3.1 Group comparisons 

The mean ± SEM for the parameters of VV (nucleus, SMC) and number-weighted 

nuclear volume are provided in Table 12. The VV (nucleus, SMC) was significantly 

increased in the older group compared to the younger group (P=0.033), this is 

illustrated in Figure 33.  The nuclear volume data for the parity groups was 

heteroscedastic and non-normal and hence no test was performed. There were no 

other significant differences between the groups in the measured parameters. These 

data are demonstrated graphically in Figure 32 and P-values are supplied in Table 12. 

 

 

Table 12 Nuclear volume and VV (nucleus, SMC): Means and P-values 

 
Nuclear Volume VV (Nucleus, SMC) 

All 175 ± 10 0.015 ± 0.001 

Normal BMI 180 ± 17 0.016 ± 0.002 

Obese BMI 170 ± 12 0.014 ± 0.002 

P-value 0.642 0.252 

Younger 167 ± 11 0.012 ± 0.002 

Older 181 ± 17 0.017 ± 0.002 

P-value 0.518 0.033 

Nulliparous 190 ± 30 0.015 ± 0.002 

Multiparous 169 ± 9 0.015 ± 0.002 

P-value * 0.654 

Nuclear volume is given in µm3 and VV (nucleus, SMC) a unitless ratio. Values are mean ± SEM. 

Tests which reached significance are shown in bold. The VV (nucleus, SMC) was significantly higher 

in the older group as compared to the younger group. *The mean nuclear volumes of the parity 

groups could not be compared as the data was heteroscedastic and non-parametric. 
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Figure 32 Nuclear volume and VV (nucleus, SMC) 

The mean VV (nucleus, SMC), nuclear volume and SMC volume for all women in 

the study and for the BMI, age and parity groups are demonstrated. The older 

group had a significantly larger nuclear percentage volume (P=0.033) than the 

younger group. There were no significant differences between the groups for any 

of the other parameters.  

 

 

4.3.3.2 Correlations 

The association of the measured parameters with maternal characteristics is shown 

graphically in Figure 34 and the Spearman’s correlation test rs and P-values are shown 

in Table 13. There was a significant positive correlation between nucleus: SMC 

volume% and maternal age (P=0.029) and examination the relationship has a 

moderate correlation coefficient of 0.4. There were no other significant correlations 

observed.  

A multivariate general regression analysis showed that advanced maternal age was 

associated with an increase in the VV (nucleus, SMC) (R2=0.32, P=0.004), independently 

of BMI (P0.089) or parity (0.255). Multivariate regression analysis revealed no effects 

of BMI, parity or age on nuclear volume (R2=0.12, P=0.873, 0.082, 0.381).  
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Figure 33 Increased VV 

(Nucleus, SMC) in older 

myometrium 

Panel A shows 

myometrium from a 22 

year old woman and panel 

B shows myometrium from 

45 year old woman, we can 

see a greater proportion of 

the smooth muscle cells 

are occupied by nucleus in 

the older tissue. 
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Figure 34 Nuclear volume and VV (nucleus, SMC) and maternal characteristics 

The figures show the relationship between the variables, each point represents a 

patient biopsy sample.  There was a significant positive correlation between VV 

(nucleus, SMC) and maternal age (P=0.029). 
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Table 13 Nuclear volume and VV (nucleus, SMC): Correlation test P-values 

  
Nuclear Volume VV (nucleus, SMC) 

BMI rs -0.03 -0.19 

 
P 0.880 0.304 

Age rs 0.01 0.40 

 
P 0.965 0.029 

Parity rs -0.21 -0.10 

 
P 0.257 0.606 

The table shows the spearman’s coefficient of correlation (rs) and P-values for the 2-tailed 

Spearmans rank correlation. Tests which reached significance are shown in bold. There is a 

significant positive correltation between VV (nucleus, SMC) and age, the Spearman’s 

correlation coefficient, rs , for this relationship is 0.4 indicating a moderate positive 

correlation.  

P=0.029 
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4.3.4 VV and volumes of nuclear components 

4.3.4.1 Group comparisons 

The mean ± SEM values for the VV (heterochromatin, nucleus), VV (euchromatin, 

nucleus) and VV (nucleolus, nucleus) and the mean volume of each component per 

nucleus are given in Table 14 and Table 15. The euchromatin: heterochromatin ratio is 

also provided. These data are also provided graphically in Figure 36 and Figure 35. The 

measured parameters were compared for each group, there were no significant 

differences observed. 

 

 

 

Table 14 Nuclear parameters volume fractions: Means and P-values 

  
VV (Heterochromatin, 

Nucleus) 

VV (Euchromatin, 

Nucleus) 

VV (Nucleoli, 

Nucleus) 

All 0.12 ± 0.01 0.86 ± 0.01 0.02 ± 0.003 

Normal BMI 0.13 ± 0.01 0.85 ± 0.01 0.02 ± 0.004 

Obese 0.11 ± 0.01 0.87 ± 0.01 0.02 ± 0.004 

P-value 0.303 0.179 0.648 

Younger 0.12 ± 0.01 0.86 ± 0.01 0.02 ± 0.005 

Older 0.12 ± 0.01 0.86 ± 0.01 0.02 ± 0.004 

P-value 0.884 0.772 0.917 

Nulliparous 0.12 ± 0.01 0.87 ± 0.01 0.02 ± 0.003 

Multiparous 0.12 ± 0.01 0.85 ± 0.01 0.02 ± 0.004 

P-value 0.686 0.389 * 

Values are mean ± SEM. VV values are unitless. There were no significant differences between any 

of the parameters that were compared between the groups. * The VV (nucleoli, nucleus) for the 

parity groups was non-parametric and heteroscedastic and therefore were not compared.  
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Figure 35 Euchromatin: heterochromatin 

ratio 

This is the mean ± SEM ratio of 

heterochromatin to euchromatin in the 

nucleus. There were no significant 

differences between the groups. 

 

 

 

 

 

 

Table 15 Nuclear parameters vol/nucleus: Means and P-values 

  
Heterochromatin 

vol/nucleus 

Euchromatin 

vol/nucleus 

Nucleoli 

vol/nucleus 
 Eu:Het 

All 22 ± 2 149 ± 9 3.74 ± 0.6 7.5 ± 0.4 

Normal BMI 23 ± 3 152 ± 15 4.11 ± 0.9 7.2 ± 0.6 

Obese 20 ± 2 147 ± 10 3.37 ± 0.81 7.9 ± 0.4 

P-value 0.425 0.928 0.363 0.151 

Younger 21 ± 3 143 ± 9 3.5 ± 0.9 7.4 ± 0.6 

Older 22 ± 3 155 ± 15 3.94 ± 0.83 7.7 ± 0.5 

P-value 0.919 0.478 0.533 0.918 

Nulliparous 21 ± 3 165 ± 27 3.11 ± 0.6 7.8 ± 0.7 

Multiparous 22 ± 2 144 ± 7 3.97 ± 0.79 7.4 ± 0.4 

P-value 0.948 0.462 0.880 0.613 

Values are mean ± SEM. Volume values are in µm3. There were no significant differences 

between any of the parameters that were compared between the groups. Eu: Het is the 

ratio of euchromatin volume to heterochromatin volume. 
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Figure 36 Nuclear parameters 

The mean ± SEM is shown. Het: heterochromatin, Eu: euchromatin. There were 

no significant differences between the groups. 
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4.3.4.2 Correlations 

The relationships of the measured variables with maternal characteristics are shown 

graphically in Figure 37-Figure 39, the Spearman’s rank correlation, rs, and P-values for 

these relationships are given in Table 16. No significant correlations with the maternal 

characteristics were observed. 

 

Figure 37 Nuclear parameter Vv and maternal characteristics 

No significant correlations were observed. Eu: Euchromatin, 

Het:heterochromatin, VV: volume fraction 
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Figure 38 Nuclear parameter volumes per nucleus and maternal characteristics 

No significant correlations were observed. Eu: Euchromatin, Het: 

heterochromatin, VV: volume fraction 

 

 

Figure 39 Euchromatin: Heterochromatin ratio and maternal characteristics 

There were no significant correlations between Eu: Het, the euchromatin to 

heterochromatin ratio and maternal characteristics. 
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4.3.5 Volume-weighted nuclear volume and variation in nuclear volumes 

4.3.5.1 Group comparisons 

The mean ± SEM volume-weighted mean nuclear volume (𝑽𝒗
̅̅̅̂̅ ) are provided in Table 17 

and Figure 40. The P-values for the comparison tests are also shown; there was no 

significant difference in 𝑽𝒗
̅̅̅̂̅  between any of the groups. 

 

Table 16 Nuclear parameters: Correlation test P-values 

  Heterochromatin Euchromatin Nucleoli Eu:Het 

    VV  
vol/ 

nucleus 
VV  

vol/ 

nucleus 
VV  

vol/ 

nucleus 

BMI rs -0.15 -0.1 0.21 0.04 0.08 0 0.15 

  P 0.423 0.595 0.27 0.844 0.667 1 0.421 

Age rs 0.06 -0.04 0.12 0.01 -0.12 -0.06 -0.02 

  P 0.769 0.835 0.534 0.943 0.532 0.751 0.905 

Parity rs 0.11 -0.18 -0.12 -0.25 -0.01 -0.14 -0.11 

 
P 0.575 0.353 0.535 0.180 0.947 0.460 0.560 

Spearman’s rank correlation test rs 
 and P-values are shown. There were no significant 

differences between any of the parameters that were compared between the groups. 

Table 17 Volume-weighted mean nuclear volume: Means and P-values 

Volume-weighted mean nuclear volume 

All 312 ± 44 

Normal BMI 314 ± 64 

Obese BMI 310 ± 62 

P-value 0.853 

Younger 312 ± 73 

Older 312 ± 54 

P-value 0.950 

Nulliparous 248 ± 39 

Multiparous 336 ± 57 

P-value 0.570 

Mean CVN(V) are shown for each group. There were no significant differences between 

the groups. Units are µm3. 
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Figure 40 Volume-weighted mean nuclear volume 

Values are mean ± SEM and units are µm3. There were no significant differences 

between the groups. 

 

 

4.3.5.2 Correlations 

The relationship between 𝑽𝒗
̅̅̅̂̅  and maternal BMI, age and parity are shown in Figure 41, 

the Spearman’s rank correlation coefficient rs and P-values for these correlations are 

given in Table 18. No significant correlations with the maternal characteristics were 

observed. 

 

Figure 41 Volume-weighted mean nuclear volume and maternal characteristics 

There were no significant correlations observed between volume-weighted 

nuclear volume and the maternal characteristics. 
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4.3.5.3 The coefficient of variation of nuclear sizes 

The mean coefficient of variation between the nuclear sizes in the number-weighted 

distribution (CVN (V)) was calculated for each group. A higher value indicates a greater 

spread of nuclear sizes. Figure 42 and Table 19 show the CVN (V) for each group. The 

variation appears reduced in the nulliparous group as compared to the other groups. 

 

 

 

Table 18 Volume-weighted mean nuclear volume: Correlation test P-values 

Volume-weighted mean nuclear volume 

BMI rs 0.01 

  P 0.960 

Age rs -0.02 

  P 0.937 

Parity rs -0.2 

 
P 0.294 

Spearman’s rs and P-values are provided. No significant correlation was observed. 

Table 19 CVN(V) for the groups 

 
CVN(V) 

All 0.89 

Normal BMI 0.87 

Obese BMI 0.91 

Younger 0.93 

Older 0.85 

Nulliparous 0.56 

Multiparous 0.99 

Mean CVN(V) are shown for each group. 



Chapter 4 Myometrial SMC nuclear morphology 

 

116 

 

 

Figure 42 The coefficient of variation in nuclear sizes 

There was no obvious difference in the coefficient of variation in nuclear 

volumes between the BMI and age groups. The nulliparous group appeared to 

have less variation in nuclear volumes than the multiparous group. 

 

4.4 DISCUSSION 

We have found no influence of maternal BMI, age or parity on SMC nuclear volume. 

We did however find an increased VV (nucleus, SMC) associated with increased 

maternal age. This remained true when parity and BMI were accounted for with a 

multivariate regression. This type of change can be due a decreased denominator 

(SMC volume) and/or an increased numerator (nuclear volume). This karyoplasmic 

ratio is generally precisely maintained, and a possible indicator of cell stability and 

transcriptional activity (Tange et al., 2002; Prokocimer et al., 2009; Smialowska et al., 

1988). The alteration we have observed in association with increased maternal age 

may have functional consequences, although these are not easily understood. Webster 

et al. (2009)  suggest that changes in nuclear volume may affect transcription, the 

activity of enzymes sensitive to macromolecular crowding, and the self-assembly of 

nuclear structures such as Cajal bodies which may be sensitive to the concentration of 

their components in the nucleus.  

CVN(V)

A
ll

N
orm

al
 B

M
I

O
bes

e 
B
M

I

Y
ounger

O
ld

er

N
ulli

par
ous

M
ulti

par
ous

0.0

0.5

1.0

1.5



Chapter 4 Myometrial SMC nuclear morphology 

 

117 

 

Alterations in the VV (nucleus, SMC) in association with age have been reported in 

other tissues including cardiomyocytes and neurons (Vidal et al., 2004; Gerdes et al., 

1991; Peinado et al., 1993). The increased VV (nucleus, SMC) in the older group was 

probed further by examining the volume fraction and volume of nuclear components. 

This study rules out the possibility of this difference being due to alterations in the 

euchromatin: heterochromatin ratio, or in the volume of nucleoli in the nucleus. The 

analysis of euchromatin and heterochromatin volume per SMC, which could be an 

indicator of the degree of polyploidy in the tissue, also revealed no differences 

between the groups.  

As expected, there was a considerable difference between the mean number-weighted 

and volume-weighted mean nuclear volume (175 ± 10 µm3 versus 312 ± 44 µm3 

respectively, n=30). This is due to the preferential selection of larger nuclei with the 

latter method. Combining these measures to calculate the coefficient of variation in 

nuclear sizes gives a quantifiable measure of nuclear size variation. There was no 

difference in volume-weighted mean nuclear volume between the younger and older 

groups (312 ±73 µm3 versus 312 ± 54 µm3 respectively). The coefficient of variation of 

nuclear sizes also does not differ considerably between these age groups (0.93 versus 

0.85). This suggests that the observed alteration in nuclear volume fraction in 

association with maternal age is not influenced by an alteration in the range of nuclear 

volumes. There was also no significant difference in the volume-weighted mean 

nuclear volume between the BMI or parity groups. Although CVN(V) appears markedly 

reduced in the nulliparous group compared to the multiparous group (0.56 versus 

0.99), i.e. there is a smaller range of nuclear volumes in the nulliparous group. 

The strengths of this study include the number of women recruited, the unbiased 

stereological methods and the use of electron microscopy to accurately identify cell 

types and boundaries and avoid overprojection inaccuracies. The limitations of the 

study include the fact that all biopsies were collected at the same time point (term, 

prior to labour) and anatomical location (the upper portion of lower uterine segment). 

This is primarily due to the ethical constraints surrounding tissue acquisition; upper 

uterine segment biopsies are not approved by our Institutional Review Board and 

generally surgeries performed preterm are emergency procedures for which it would 
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be inappropriate to seek patient consent for biopsies. Several studies suggest there is 

little difference in the structure and function of lower and upper uterine segment 

tissue (Word et al., 1993a; Luckas and Wray, 2000b). A thesis by Seymour found no 

difference in non-pregnant myometrial nuclear volume when samples from the fundus 

and lower uterine segment were compared (Seymour, 1997). There may be differences 

in nuclear volume in relation to the layers of the uterus, studies on the junctional zone 

of hysterectomies non-pregnant uteri found a threefold increase in total nuclear 

profile area (suggesting  an increase in size and/or number of nuclei) in this layer as 

compared to the outer myometrial layers (Scoutt et al., 1991). 

In conclusion, we have outlined values for several morphological features of 

myometrial SMC nuclei in the human lower segment and have demonstrated that 

these values are not affected by maternal BMI or parity but that the nucleus to cell 

volume ratio is significantly affected by maternal age. We have excluded the possibility 

of an altered euchromatin: heterochromatin ratio or nucleoli volume causing this 

nuclear volume fraction alteration. This result warrants further investigation 

particularly in view of the higher incidence of dysfunctional uterine activity with 

increasing maternal age (Arrowsmith et al., 2012; Main et al., 2000a).  



Chapter 5: Myometrial SMC morphology 

119 

 

 

CHAPTER 5 MYOMETRIAL SMOOTH MUSCLE CELL 

MORPHOLOGY 

5.1 INTRODUCTION 

The ultrastructural morphology of human smooth muscle cells in pregnancy is not fully 

characterised. In this chapter we will examine non-nuclear aspects of the myometrial 

smooth muscle cells (SMC).  

5.1.1 Volume and surface area of SMC and dense plaques 

The human uterus increases from 50-75 g before pregnancy to 1200-1300 g at term 

and a significant proportion of this is due to myometrial growth (Shynlova et al., 2006; 

Young, 2007; Johansson, 1984). The details of this growth are not well defined. It is 

established that uterine SMC undergo hypertrophy during pregnancy in mammals 

(Shynlova et al., 2006; Shynlova et al., 2010) but the exact extent and timing of this is 

unclear. It has been reported that the number of nuclei per unit area is reduced 4 to 5-

fold in myometrium from pregnant women compared to the non-pregnant tissue, 

indicating a large degree of hypertrophy (Word et al., 1993a). It is also believed that a 

period of hyperplasia precedes hypertrophy during pregnancy but definitive evidence 

is lacking and largely confined to animal studies (Shynlova et al., 2006). 

The pregnancy-related increase in the volume of myometrial SMC (Csapo, 1962) is 

coupled with an increase in surface area and the abundance of membrane-associated 

dense plaques (DP-membrane)(Laguens and Lagrutta, 1964; Dessouky, 1969). 

Hypertrophy of intestinal smooth muscle is associated with an increase in cell 

membrane invaginations and corrugations and hence surface area, but due to the 

massive increase in cell volume, the surface to volume ratio (surface density) is actually 

reduced (Gabella, 1990a). Changes in surface density may be functionally relevant due 

to the possible effect on Ca2+ flux and membrane receptor densities.  

DP serve as an attachment bridge between the cytoskeleton, actin filaments and the 

cell membrane, allowing the transduction of force to the membrane and possibly also 

to adjacent cells and ECM (Taggart and Morgan, 2007). The arrangement of these 
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structures appears to be functionally important (Cole and Garfield, 1989b; Davis and 

Shivers, 1992) (Wu et al., 2008). In pregnancy, there is an increase in expression of DP-

associated proteins such as FAK, paxillin, (Wu et al., 2008), heat shock protein 27 

(White et al., 2005), ERK ½ (Li et al., 2004) and in DP size and number (Dessouky, 1969; 

Althoff and Albert, 1970). Several studies have assessed the extent of DP-membrane 

by measuring the length of individual dense plaques in transmission electron 

micrographs, which may be subject to orientation bias. In this study, we have avoided 

such bias by using stereological techniques to assess the proportion of the smooth 

muscle surface area associated with dense plaques. 

  

The extensive myometrial hypertrophy of pregnancy (Csapo, 1962) is accompanied by 

an increased abundance of mitochondria and dense bodies (DBs) and increased 

expression of DB-associated proteins (Laguens and Lagrutta, 1964; Dessouky, 1969; 

Althoff and Albert, 1970; Wu et al., 2008; White et al., 2005; Li et al., 2004). DB are an 

integral component of the contractile apparatus, and mitochondria provide the ATP for 

contraction and may play a role in calcium regulation (see section 1.7.3.6). Alterations 

in these structures may therefore have functional consequences, indeed there are 

pregnancy-associated changes in mechanotransduction and force production that may 

be related to these structural changes (Wu et al., 2008).  

The volume fraction (VV) of mitochondria in various smooth muscles types ranges from 

3-9% (Somlyo, 1980; Gabella, 1981). There are no reported VVs for myometrium from 

pregnant women. During pregnancy the number and size of mitochondria in the 

myometrium increases (Laguens and Lagrutta, 1964; Dessouky, 1969; Althoff and 

Albert, 1970) as does the oxygen consumption of uterine tissue (Bolte and Kontur, 

1964). In intestinal smooth muscle, hypertrophy is associated with increased 

mitochondrial number, but the massive increase in cell volume results in a decreased 

mitochondrial volume fraction (Gabella, 1990a). Whether this is also true in the case of 

myometrial hypertrophy is not known. 

What effect, if any, increased maternal age and body mass index (BMI), both of which 

have a negative effect on uterine function (Vahratian et al., 2004; Lynch et al., 2008a; 

Smith et al., 2008b; Bayrampour and Heaman, 2010) and the success of the labour 

process, may have on myometrial morphology is unknown. Several studies have noted 
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changes in mitochondrial or contractile apparatus ultrastructure in association with 

obesity and advanced age in vascular SMC (Ungvari et al., 2008), cardiomyocytes 

(Oliveira et al., 2010), skeletal muscle cells (Conley et al., 2000) and other cell types 

(Cui et al., 2012; Burns et al., 1981). 

 

In the previous chapter, we have described the nuclear volume fraction and assessed 

the volume of the nucleus, by combining these two measures we have calculated the 

mean volume of SMC (Equation 12). We have also combined the resulting mean SMC 

volumes with corresponding VV (SMC, tissue) results from chapter three to obtain the 

mean number of SMC per unit volume of the myometrium (see Equation 13). This 

allows us to highlight any association between muscle abundance and SMC size in our 

samples. The ultrastructure of SMC was analysed under transmission and scanning 

electron microscopy and stereological techniques were used to estimate the surface 

density of SMC membrane i.e. the surface to volume ratio. This was also calculated for 

dense plaque-associated membrane. Surface density values were then combined with 

the corresponding SMC volumes to estimate the surface area of a cell and the 

proportion of this area associated with dense plaques. We have also measured the 

volume fraction of mitochondria in gravid myometrial SMC and have combined these 

measures with SMC volume values to estimate the pooled volume of mitochondria per 

cell. Whether these parameters are altered with respect to maternal BMI, age or parity 

will also be examined. The ultrastructure visible with the transmission electron 

microscope was also correlated to a topographic view from the scanning electron 

microscope. 

 

5.2 METHODS 

5.2.1 SMC cell volume and SMC per mm3 

Cell and nuclear volume was calculated by dividing the number-weighted mean 

nuclear volume by the nucleus: cell VV i.e. dividing the volume of the nucleus by the 

proportion of the cell is represents. This calculation is shown in Equation 12. This 

methodology is demonstrated clearly in Figure 43. 
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To calculate the mean number of SMC per mm3 of myometrial tissue we can apply 

Equation 13. 

 

 

 

5.2.2 Processing for scanning electron microscopy 

 Fixed in 2% glutaraldehyde and 2% paraformaldehyde in a 0.1M sodium 

cacodylate/HCl buffer solution for 48 hrs+ at 4°C (pH 7.2).  

 Rinsed in 0.1 M sodium cacodylate buffer 

 Cut into approximately 2 mm3 cubes.  

 Post-fixed in 1% osmium tetroxide in water solution for 2 hrs at RT. See 

appendix 1.4 and 1.5 for more details on the fixatives used. 

 Dehydrated in graded ethanol solutions (30, 50, 70, 90, 100, 100% for 20 mins 

each).  

 Samples are dried using hexamethyldisilazane (HMDS), they were placed in 

HMDS for 15 mins, then this was changed for fresh HMDS for a further 15 mins. 

 Samples were then left in a petri dish to allow the HMDS to evaporate 

overnight. Silica crystals were added to the dish to maintain the desiccated 

state. 

 Samples were mounted on carbon coated metal stubs.  

 The samples were gold sputter coated to enhance topographic contrast. 

 Samples were viewed with a Hitachi S2600N variable pressure scanning 

electron microscope. 

 

Equation 12 SMC Volume 

𝐌𝐞𝐚𝐧 𝐒𝐌𝐂 𝐯𝐨𝐥𝐮𝐦𝐞 =  
𝑽𝑵
̅̅ ̅̂̅ 𝑺𝑴𝑪 𝑵𝒖𝒄𝒍𝒆𝒖𝒔

�̂�𝑽 (𝑵𝒖𝒄𝒍𝒆𝒖𝒔, 𝑺𝑴𝑪)
 

Equation 13 SMC per mm3 of tissue 

𝐒𝐌𝐂 𝐩𝐞𝐫 𝐦𝐦𝟑 =  
𝟏, 𝟎𝟎𝟎, 𝟎𝟎𝟎, 𝟎𝟎𝟎 µ𝐦𝟑 .  𝐕𝐯 (𝐒𝐌𝐂, 𝐭𝐢𝐬𝐬𝐮𝐞)

𝑴𝒆𝒂𝒏 𝑺𝑴𝑪 𝒗𝒐𝒍𝒖𝒎𝒆 𝒊𝒏 µ𝒎𝟑
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5.2.3 SV of cell membrane and DP-membrane in SMC 

The same 30 biopsies used in chapter 4 and resin-embedded as described in section 

4.2.1 were imaged under TEM (magnification x8000) and were used for assessment of 

the surface density (SMC cell membrane, SMC volume) i.e. the ratio of SMC membrane 

surface area to SMC volume. Images were imported into Image-Pro Analyzer software 

and a 196 point grid (with a point spacing of 600 nm) was digitally overlaid on the 

image. The number of intersections of cell membrane with the grid lines was counted 

as was the number of points overlying SMC. Sixteen images were counted per patient. 

Surface density (SV) was then estimated according to the formula of Smith and 

Guttman (1953). This is expressed in Equation 14, where Pi is the number of points 

hitting the reference space (SMC), Ii is the number of intersections between the SMC 

cell membrane and the lines of the grid and l/p is the length of line per grid point. The 

length of line applied to the reference space was estimated by finding the length of 

grid line associated with a point (twice the distance between points) and multiplying it 

by the number of intersections overlying SMC.  

 

 

For our analysis we chose to use the grid as the test probe instead of the 

conventionally used set of parallel lines in an attempt to compensate for the problems 

that would be caused by the shape and orientation of SMC. Namely that a set of 

parallel lines would potentially underestimate SV in cells which are arranged with their 

long axis parallel to the lines and overestimate cells arranged perpendicular to the 

lines. The use of a grid only required a small change to the standard formula, we 

divided the total intersection point count and the length of test line applied to the 

reference space by 2 before applying the formula. Mean SV (cell membrane, SMC) was 

calculated from all 16 images for each biopsy. The number of intersections of gridline 

and dense plaque-associated membrane was also recorded and the SV (DP-membrane, 

SMC) was also computed.  

Equation 14 Surface density (Y, ref) 

�̂�𝑣(𝑌, 𝑟𝑒𝑓) =
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑌 𝑖𝑛 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑝𝑎𝑐𝑒

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑝𝑎𝑐𝑒
=

2 . ∑  𝐼𝑖
 𝑛
 𝑖=𝑙

𝑙
𝑃 .

∑  𝑃𝑖𝑛
𝑖=𝑙
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5.2.4 Surface area of membrane and DP-membrane in SMC 

Surface density is an expression of surface area per unit volume. The SV (membrane, 

SMC) is a measure of surface area of membrane per unit volume of cell; if the cell 

volume is known then the surface area per cell can be computed as per Equation 15. 

Vref refers to the volume of the reference space and SV (Y,ref) refers to the surface 

density of Y in the reference space (the ratio of surface area of Y to the volume of the 

reference space). 

 

 

The mean SMC volumes calculated in section 5.3.3 were multiplied by their 

corresponding mean SV (membrane, SMC) to give the mean surface area of cell 

membrane per cell. The same process was carried out for DP-membrane to get the 

mean surface area of DP-membrane per SMC. The surface area of DP-membrane was 

then expressed as a fraction of the mean total SMC surface area to illustrate how much 

of the cell membrane is associated with DP, see Equation 16. For the purposes of this 

study cell membrane and DP-membrane did not include caveolae.  

 

 

5.2.5 VV and volume of mitochondria and dense bodies in SMC 

The images and grid used in estimating SV (cell membrane, SMC) above were dual 

purposed for the assessment of mitochondrial and DB volume fraction (VV). A point 

counting method was applied to high magnification (x8000) ultramicrographs of the 

same 30 biopsies described in Table 10 to assess the VV of mitochondria and DB 

relative to the SMC (Equation 4).  

Mitochondria and DB are demonstrated in Figure 46B and this also demonstrates the 

magnification at which this analysis was carried out.  

Equation 15 Surface area 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑌 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑝𝑎𝑐𝑒 =  �̂�(𝑌) = 𝑉𝑟𝑒�̂� .  �̂�𝑣(𝑌, 𝑟𝑒𝑓) 

Equation 16 Proportion of the membrane associated with DP 

�̂�(𝑫𝑷 − 𝒎𝒆𝒎𝒃𝒓𝒂𝒏𝒆)

�̂�(𝒎𝒆𝒎𝒃𝒓𝒂𝒏𝒆)

= 𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒐𝒇 𝒕𝒉𝒆 𝒎𝒆𝒎𝒃𝒓𝒂𝒏𝒆 𝒂𝒔𝒔𝒐𝒊𝒄𝒂𝒕𝒆𝒅 𝒘𝒊𝒕𝒉 𝑫𝑷 
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A 196 point grid with a point spacing of 600 nm was applied using Image-Pro Analyzer 

software and 16 images were counted per biopsy i.e. 3136 points were sampled per 

patient. Points overlying mitochondria, DB and any part of the SMC were counted. 

Average VVs were calculated from the total points count from all 16 images. The VV of 

each organelle was multiplied by the volume of the SMC (section 5.2.1) to obtain the 

absolute pooled volume of that organelle per SMC. This methodology is outlined in 

Figure 43.  

  

Figure 43 Calculation of mean pooled organelle volume 

This flow diagram demonstrates how the stereological measurements were 

combined. The nucleator technique was used to estimate number-weighted 

nuclear volume; point counting techniques were used to estimate VV (SMC 

nucleus, SMC) and VV (organelle, SMC). SMC volume was calculated by dividing 

the nuclear volume by nuclear VV i.e. the volume of the nucleus was divided by 

the fraction of the cell it represents. Mean pooled volumes of organelles per 

SMC were calculated by multiplying and VV (organelle, SMC) and SMC volume. 

Organelle refers to the counts made separately for mitochondria and dense 

bodies. 
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5.3 RESULTS 

5.3.1 Clinical details 

The clinical details of the 30 women in the study are shown in section 4.3.1.  

5.3.2 Qualitative analysis 

Transmission electron micrographs of myometrial SMC show elongated cells 

containing thick and thin filaments distributed in the sarcoplasm. Figure 44A and C 

shows cross sectioned myocytes surrounded by a collagen-rich matrix. DB can be seen 

in Figure 46 as electron dense structures interspersed in no obvious pattern in the 

sarcoplasm. Mitochondria were observed in perinuclear regions but also seen in fewer 

numbers in other regions of the sarcoplasm. In Figure 47 we can see SMC which exhibit 

different levels of electron density under TEM, this heterogeneity in density was 

observed in all samples. 

As can be seen in Figure 45 the cell membrane contained many invaginations and 

projections, a considerable amount of the membrane was associated with dense 

plaques. In some areas these regions opposed corresponding dense plaque-associated 

membrane in other SMCs.  
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Figure 44 SMC and ECM ultrastructure 

Cross sectioned myocytes can be seen in panels A and B under scanning electron 

microscopy and C under TEM. Collagen fibrils can be seen in the ECM between 

the cells. 
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Figure 45 SMC membrane ultrastructure 

The corkscrew-like shape of contracted myocytes is seen in panel A and B. 

membrane invaginations and projections are seen in B and C under scanning 

electron microscopy and TEM respectively. Multivesicular bodies are seen within 

these projections in panel C. DB: dense body, DP: dense plaque, RER: rough 

sarcoplasmic reticulum, ECM: extracellular matrix. 
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Figure 46 Mitochondrial, dense bodies and dense plaques 

A: Low (x2500) and B: high (x8000) magnification images depicting a 

representative image of myometrial morphology. A: We can see SMC profiles 

embedded in an ECM. B: this demonstrates the magnification upon which VV 

(organelle, SMC) was assessed. Black arrows point to dense bodies, white arrow 

heads point to dense plaques and asterisks indicate mitochondria. 
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Figure 47 Light and dark myocytes 

We can see varying levels of electron density in myometrial SMC seen here in 

cross (A) and longitudinal (B) section. 

 

5.3.3 Volume of SMC and number per mm3 

5.3.3.1 Group comparisons 

The mean ± SEM for the parameters of SMC volume and number of SMC per mm3 are 

provided in Table 20. These results are shown graphically in Figure 48. There were no 

significant differences between the groups for these parameters. 
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Figure 48 SMC volume and SMC/mm3 

The mean ± SEM SMC volume and number of SMC per mm3 for all women in the 

study and for the BMI, age and parity groups are demonstrated. There were no 

significant differences between the groups for any of the parameters.  
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Table 20 Volume of SMC: Means and P-values 

 
SMC Volume Cells/mm3 

All 14047 ± 1352 62594 ± 7003 

Normal BMI 12893 ± 1703 65482 ± 9799 

Obese BMI 15201 ± 2118 59706 ± 10294 

P-value 0.403 0.532 

Younger 16119 ± 2140 51352 ± 8221 

Older 12234 ± 1639 72432 ± 10616 

P-value 0.153 0.119 

Nulliparous 13933 ± 2623 60506 ± 13107 

Multiparous 14088 ± 1616 63354 ± 8451 

P-value 0.950 0.958 

SMC volume is given in µm3. Values are mean ± SEM.  There were no significant 

differences between the groups.  
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5.3.3.2 Correlation 

The relationship between SMC volume and number of cells per mm3 with maternal 

BMI, age and parity is plotted in Figure 49. The Spearman’s rank correlation coefficient  

Table 21) shows no significant correlation between the variables. 

 

 

Figure 49 SMC volume and SMC/mm3 and maternal characteristics 

Each point represents an individual patient biopsy sample.  There was no 

significant correlation between the variables. 
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 Table 21 SMC volume and number per mm3: Correlation test P-values 

  SMC Volume SMC/mm3 

BMI rs 0.12 -0.08 

 P 0.522 0.677 

Age rs -0.33 0.33 

 P 0.074 0.071 

Parity rs -0.13 0.14 

 P 0.497 0.473 

The table shows the spearman’s coefficient of correlation (rs) and P-values for the 2-tailed 

Spearmans rank correlation, none are statistically significant.  



Chapter 5: Myometrial SMC morphology 

133 

 

5.3.4 SV and surface area of cell membrane and dense plaques 

5.3.4.1 Group comparisons 

The SV and surface area per cell of cell membrane and DP-membrane for each group 

are given in Table 22 and Figure 50, also provided are the P-values for the comparison 

tests. The percentage of the surface area of a SMC associated with dense plaques is 

given in Figure 51. There were no significant differences between the groups for SV of 

cell membrane, SV of DP-membrane, surface area of cell membrane, surface area of DP 

membrane or for the percentage of membrane associated with DP. 

 

 

Table 22 Sv and Surface area membrane: Means and P-values 

 
Membrane DP-membrane % membrane 

associated 

with DP 
  Sv Area/SMC Sv Area/SMC 

All 0.65 ± 0.03 0.23 ± 0.02 8837 ± 788 3242 ± 354 35.3 ± 1.7 

Normal BMI 0.63 ± 0.03 0.22 ± 0.02 8095 ± 1059 2900 ± 512 34.1 ± 2.6 

Obese 0.67 ± 0.04 0.25 ± 0.02 9580 ± 1171 3583 ± 491 36.6 ± 2.2 

P-value 0.184 0.355 0.294 0.344 0.466 

Younger 0.61 ± 0.04 0.23 ± 0.03 9731 ± 1247 3697 ± 546 36.8 ± 2.5 

Older 0.68 ± 0.03 0.23 ± 0.02 8055 ± 992 2843 ± 454 34 ± 2.3 

P-value 0.238 0.297 0.974 0.357 0.432 

Nulliparous 0.64 ± 0.04 0.23 ± 0.02 8958 ± 1605 3229 ± 735 35.4 ± 2.7 

Multiparous 0.65 ± 0.03 0.23 ± 0.02 8794 ± 926 3246 ± 413 35.3 ± 2.1 

P-value 0.558 0.785 0.928 0.983 0.988 

Values are mean ± SEM. Sv values are expressed in µm-1 and surface area values are in 

µm2. There are no significant differences between the groups. 
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Figure 50 SV and surface area of membrane and DP-membrane 

The mean ± SEM SV (membrane, SMC) i.e. the ratio of cell membrane surface 

area relative to cell volume is given for each of the groups. The SV of DP-

associated membrane relative to SMC volume is also given. These values were 

multiplied by their respective SMC volume to calculate the total SMC surface 

area and the surface area of dense plaques. Surface density (SV) values are 

provided in µm-1 and surface area values are in µm2. There were no significant 

differences between the groups. 
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Figure 51 % of membrane associated with DP 

The mean percentage of SMC surface area associated with dense plaques is given 

for each group. There was no significant difference between the groups. 
 

5.3.4.2 Correlations 

There were no correlations between the measured parameters with maternal BMI, age 

and parity, this can be seen graphically in Figure 52, Figure 53 and values are given in 

Table 23. 

 

Figure 52 Membrane parameters SV and maternal characteristics 

Each point represents a single patient. No significant correlations were observed 

between the variables and maternal BMI, age or parity. Surface density is given 

in µm-1.  
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Figure 53 Membrane parameter surface area and maternal characteristics 

Each point represents a single patient. No significant correlations were observed. 

Surface area is given in µm2.  
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Table 23 Membrane parameters: Correlation test P-values 

  Membrane DP-membrane % of DP-

membrane     Sv  Area/SMC Sv  Area/SMC 

BMI rs 0.32 0.18 0.24 0.2 1.33 

 
P 0.084 0.346 0.195 0.297 0.544 

Age rs 0.30 -0.24 0.16 -0.25 0.6 

 
P 0.110 0.203 0.409 0.192 0.683 

Parity rs 0.23 -0.11 0.08 -0.08 1.76 

 
P 0.229 0.578 0.686 0.678 0.485 

Spearman’s rank correlation test rs
 and P-values are shown. There were no significant 

correlations between any of the parameters that were compared between the groups. 
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5.3.5 VV and volume of mitochondria and dense bodies 

5.3.5.1 Group comparisons 

The mean volume fractions of mitochondria and dense bodies for all women included 

in the study are shown in Table 24. The P-values for the comparison tests used to 

compare the BMI, age and parity groups are also given. 

There was a significant decrease in mitochondrial volume per cell in the older group 

versus the younger group (P=0.026), this is illustrated in Figure 55. There were no 

other significant differences between the age or BMI groups for the other 

measurements.  

 

 

Table 24 Mitochondria and DB: Means and P-values 

 
Mitochondria 

 
Dense bodies 

  VV volume VV volume 

All 0.019 ± 0.003 262 ± 43 0.021 ± 0.002 301 ± 43 

Normal BMI 0.021 ± 0.005 259 ± 64 0.020 ± 0.003 254 ± 47 

Obese 0.016 ± 0.002 266 ± 59 0.022 ± 0.003 348 ± 71 

P-value 0.678 0.772 0.740 0.217 

Younger 0.023 ± 0.005 372 ± 80 0.022 ± 0.003 391 ± 80 

Older 0.015 ± 0.002 166 ± 21 0.021 ± 0.003 222 ± 31 

P-value * 0.026 0.678 0.139 

Nulliparous 0.017 ± 0.004 232 ± 64 0.020 ± 0.005 258 ± 82 

Multiparous 0.019 ± 0.003 273 ± 54 0.022 ± 0.002 316 ± 51 

P-value 0.656 0.682 0.660 0.556 

* This data was non-parametric and heteroscedastic and therefore not comparable. There 

is a significant difference between the age groups in the volume of mitochondria per SMC. 
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Figure 54 VV and volumes of mitochondria and DB 

The volume of mitochondria per cell (in µm3) of the older group is significantly 

less than that of the younger group (P=0.026). There were no other significant 

differences between the age or BMI groups for the other measurements. 
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Figure 55 Reduced mitochondrial volume per SMC in the older myometrium 

Panel A shows myometrium from a 27 year old woman and panel B shows 

myometrium from 43 year old woman. We can see there is a similar volume 

fraction of the cell occupied by mitochondria, but when cell volume is taken into 

account there is less mitochondrial volume per cell in the older group. 
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5.3.5.2 Correlation 

None of mitochondrial VV, the volume of mitochondria per SMC, DB VV, or the volume 

of DBs per SMC showed significant correlation with BMI, parity or age. The P-value for 

the correlation of mitochondrial volume per cell and maternal age was 0.075. These 

data are shown in Figure 56 and Table 25. 

 

Figure 56 VV and volumes of mitochondria and DB and maternal characteristics 

Each point represents a single patient. No significant correlations were observed 

between the variables. The P-value for the correlation of mitochondrial volume 

per cell and maternal age was approaching significant at P=0.075. 
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5.4  DISCUSSION 

There are little ultrastructural data available which are specific to the human 

myometrium and less so to the pregnant state. This study has employed some simple 

stereological methods to quantify aspects of the ultrastructure of the smooth muscle 

cells in the human myometrium. 

Cole and Garfield give an estimate of 21,000 µm3 for the volume of myometrial SMC 

based on two dimensional measurements from another study by Csapo (Csapo, 1962; 

Cole and Garfield, 1989b). Using this volume and an estimated surface area to volume 

ratio (SV) of 1.1 µm-1 (Kao, 1977) a surface area estimate of 23,000 µm2 was proposed 

by Garfield and Somlyo (1985). None of these measurements were based on human 

pregnant myometrial cells specifically and the authors did not state the hormonal state 

of the tissue at the time of measurement. Nor do they account for factors such as age 

and hormonal status, which are believed to have an influence on SMC volume (Cole 

and Garfield, 1989b). We report a SMC volume of 14,000 µm3 at term which is less 

than this previous estimation, however the standard deviation of our measurement 

was ~7,000 µm3 indicating a broad range of SMC volumes in this tissue.  

An increase in VV (nucleus, SMC) such as that observed in the older women can be due 

a decreased SMC volume and/or an increased nuclear volume.  

Table 25 Mitochondria and DB: Correlation test P-values 

  Mitochondria Dense bodies 

    VV 
Volume per 

SMC 
VV  

Volume per 

SMC 

BMI rs 0.08 0.09 0.25 0.27 

 
P 0.687 0.648 0.178 0.155 

Age rs -0.11 -0.33 0.01 -0.29 

 
P 0.552 0.075 0.972 0.114 

Parity rs 0.03 -0.1 0.05 -0.03 

 
P 0.871 0.591 0.801 0.882 

Spearman’s rank correlation test rs and P-values are shown. There were no significant 

differences between any of the parameters that were compared between the groups. Vv: 

volume fraction. 
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There may be a degree of both present which are not substantial enough to be 

detected when SMC nuclear and cell volume were individually assessed. 

This present study reports a mean SV of 0.65 ± 0.14 µm-1 and a surface area of 8,837 ± 

4,317 µm2 for human pregnant term myometrium. The differences between the 

previously reported dimensions and our measurement are most likely due to the 

difference in both the effect of pregnancy, the type of smooth muscle being described 

and the unbiased methodology. Dessouky (1969) observed an increase in myometrial 

cell membrane invaginations and processes with pregnancy, increasing the cell surface 

area greatly but not sufficiently to match the increase in volume. The surface area to 

volume ratio is also much decreased in hypertrophied intestinal smooth muscle cells 

due to the increase in cell volume (Gabella, 1990a). Gabella (1979)  reported a 

decrease in SV from 1.4 to 0.8 upon hypertrophy of muscle of the guinea pig small 

intestine despite the appearance of numerous invaginations of the membrane, this 

accords with our value of 0.65 ± 0.14 µm-1. Functionally, alterations in SV may be 

important because of their possible influence on Ca2+ ion flux and levels of membrane 

receptors relative to cell volume. 

Gabella (1981) estimated the percentage of cell membrane associated with dense 

plaques at 30-50% in midregions and approaching 100% in terminal portions of smooth 

muscle cells. In the present study it was not possible to distinguish between 

midregions and terminal portions of the SMC, thus our reported average of 35 ± 9% is 

the average for the whole cell.  Changes in contractile apparatus quantity and 

organisation and in dense plaques have been described in cardiac and urethral smooth 

muscle in obesity (Oliveira et al., 2010; Leopoldo et al., 2010). We found no effects of 

maternal BMI, nor age or parity, on dense body VV or volume or on the SV or area of 

DP-membrane. It must be noted that these parameters are volumetric and may not 

detect possible organisational changes. 

We measured the VV of DBs and mitochondria and converted these values to volume 

per cell. We have observed a decrease in mitochondrial volume per cell associated 

with increased maternal age. These findings may be linked to the increased incidence 

of dysfunctional labour observed in older mothers (Bayrampour and Heaman, 2010). 

We found no effect of maternal BMI or parity on these measurements. 
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In SMC, mitochondria are found concentrated at perinuclear polar regions alongside 

rough sarcoplasmic reticulum and Golgi apparatus, and also between myofilaments, 

this concords with our observations. Reported mitochondrial volume fractions range 

from 3-9% in various smooth muscle types (Somlyo, 1980; Gabella, 1981), which 

contrasts with the low VV (1.9 ±1.5%, n=30 ) observed in this study. An increased 

volume of mitochondria but decreased volume fraction (VV) of mitochondria has been 

noted following hypertrophy of guinea pig intestinal smooth muscle by Gabella 

(1990b) and in rat cardiac muscle (Tomanek, 1979).The extreme hypertrophy of 

uterine muscle during pregnancy may explain the low volume fraction of mitochondria 

reported in the present study. 

We observed a significant decrease in pooled volume of mitochondria per SMC 

(P=0.026) in the older group. A corresponding non-significant negative correlation of 

mitochondrial volume per cell with age was also observed (P=0.075).  Decreases in 

mitochondrial volume per cell in association with advanced age have been reported in 

smooth muscle of the vascular system (Ungvari et al., 2008), cerebral capillary 

endothelial cells in macaque monkeys (Burns et al., 1981) and human skeletal muscle 

(Conley et al., 2000). Mitochondria are susceptible to damage from oxidative stress 

over time and require constant regeneration, a decrease in this biogenesis in 

association with increased age has been previously reported in many tissues (Lopez-

Lluch et al., 2008) including rat vascular smooth muscle (Ungvari et al., 2008). The 

reasons for this decrease in mitochondrial biogenesis are not known but age-related 

hypothyroidism, altered diffusion of hydrogen peroxide and NO in the cytosol, and 

reduced 5’ AMP-activated protein kinase activity have been suggested as possible 

contributing factors (Lopez-Lluch et al., 2008). Peroxisome proliferator-activated 

receptor gamma coactivator 1-α (PGC1α), the master regulator of mitochondrial 

biogenesis, is known to decline with age in some tissues, this is another possible 

mechanism for the age-related decline in mitochondrial volume per SMC we have 

observed (Gouspillou et al., 2013; Safdar et al., 2010). There is a decline in the quantity 

of mitochondrial DNA and an accumulation of mutations and deletions in this DNA 

associated with age in various tissues (Cui et al., 2012). Alterations of mitochondrial 

abundance, ultrastructure or activity in neurons have been implicated in age-related 

neurodegenerative diseases such as Alzheimer’s disease (Hirai et al., 2001), Parkinson’s 
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disease (Bueler, 2009) and Huntington’s disease (Bossy-Wetzel et al., 2008). 

Mitochondria exhibit a varied morphology in different cell types and changes in this 

morphology can be related to disease states, aging, proliferative or metabolic states 

(McCarron et al., 2013). Mitochondria are known to be motile and the location of 

mitochondria in the cell may also have functional consequences. Location of 

mitochondria to the leading edge of metastasizing breast cancer cells is linked to the 

motility of those cells (Zhao et al., 2013). Perinuclear positioning of mitochondria in 

endothelial cells under hypoxic stress resulted in ROS-induced transcriptional activity 

(Al-Mehdi et al., 2012), perinuclear clustering is also associated with global increases in 

ATP in oocytes (Yu et al., 2010). Mitochondria in close apposition to SR can modulate 

Ca2+ signals via effects on IP3 receptor SR clusters in murine intestinal smooth muscle 

(Olson et al., 2010). Our study did not examine the morphology or localisation of 

mitochondria or the level of functional activity in relation to age but this may be an 

interesting avenue of investigation. 

The use of transmission electron microscopy is a major strength of this study as it 

provides sufficient resolution to allow discrimination of cellular elements. Qualitative 

analysis revealed SMC demonstrated varying levels of electron density under the TEM, 

even within the same bundle. Several hypotheses exist to explain this heterogeneity, 

some have correlated electron density with the degree of contraction of the muscle 

fibres describing these darker cells as more irregular in outline, smaller in size, having 

larger spaces between adjacent cells and possessing fewer areas of cellular contact 

(Dessouky, 1976). Although others have proposed that these may represent cells 

damaged during ischemia and tissue processing (Garfield and Daniel, 1976). We did 

not qualitatively observe any association in the proportion of these light and dark cells 

with maternal BMI, age or parity.  

In summary, these results indicate that alterations occur in the nuclear volume fraction 

and mean volume of mitochondria in myometrial smooth muscle cells in association 

with advanced maternal age. These findings may have implications for myometrial 

function in mothers of advanced age.
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CHAPTER 6 CONNEXIN 43 EXPRESSION IN THE TERM 

MYOMETRIUM 

6.1 INTRODUCTION 

In this study, we have examined the levels of connexin 43 proteins in human term 

myometrium. These are relevant to contraction as they may compose certain 

hemichannels (connexons) and gap junctions, the latter of which allows the formation 

of a functional syncytium at labor. Gap junctions are inter-cellular channels formed by 

two transmembrane connexons which allow the transfer of ions and small metabolites 

between cells. A connexon may exist in the uncoupled state as a hemichannel, and 

allow the transfer of substances between the cell and extracellular space (Evans et al., 

2006). Connexons are hetero- or homomeric hexamerates of connexin proteins (Lang 

et al., 1991). There are 21 known connexin isoforms of which, connexin 43 (Cx43, 

GJA1) is the most abundant (Lang et al., 1991). Cx43 is upregulated to facilitate electric 

coupling of myometrial cells at term (Chow and Lye, 1994). Gap junction plaques on 

the surface of rat myometrial cells occupy 0.001% of the membrane in the non-

pregnant state and increase to 0.4% in the pregnant state due to the influence of the 

hormonal environment (Cole and Garfield, 1989b). Lower expression of Cx43 mRNA 

and protein is associated with prolonged labour in human myometrium (Cluff et al., 

2006; Pierce et al., 2002).  Cx43 is synthesised prior to labour and levels in the 

cytoplasm increase as term approaches. These are incorporated the membrane at 

term so that the myometrium is transformed into a functional syncytium (Chow and 

Lye, 1994). Studies by Kilarski demonstrate that all gap junction plaques in the term 

human myometrium contain connexin 43 and some have been observed to also 

contain connexin 40 and 45, the specific isoform composition likely affects the transfer 

of substances through the channels (Kilarski et al., 2001; Kilarski et al., 1998). Following 

delivery, the channels are internalised and reach baseline levels within five days in the 

rat (Hendrix et al., 1992).  
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In this study, we have used an antibody (mouse anti-unphosphorylated connexin 43, 

13-8300, Invitrogen) specific for an unphosphorylated form of Cx43 (specifically the 

serine at residue 368 of the cytoplasmic domain) raised against a synthetic peptide 

corresponding to a cytoplasmic sequence located near the C-terminus of rat Cx43. A 

second antibody (rabbit anti-phosphorylated connexin 43, 11370, Abcam) specific for 

the phosphorylated form was also used, this was raised against a synthetic peptide 

corresponding to amino acids 362-382 of human Cx43. Phosphorylation of connexins 

appears to have multiple effects including alterations in intercellular communications 

and gap junction assembly (Hertzberg, 2000). Unphosphorylated Cx43 is thought by 

some to represent connexon hemichannels and these may have different selectivity 

compared to the phosphorylated gap junction state (Hutchings et al., 2008b). 

Unphosphorylated Cx43 is associated with large unitary conductance (90-100 pS) and 

the phosphorylated form is associated with conductance of 60-70 pS (Moreno et al., 

1994). Phosphorylation of Cx43 at residue 368 by PKC is associated with decreased 

permeability of connexons to small (Mr<1000) organic molecules (ATP, cAMP, NAD+) 

which does not necessarily affect conductance of small ions (Bao et al., 2004). Opening 

of hemichannels may be regulated by Ca2+ flux, mechanical stress, kinase activity and 

purinergic signalling (Stout et al., 2004). One proposed mechanism by which these 

channels may affect cell activity is that ATP release from hemichannels may activate 

purinergic receptors on neighbouring cells causing downstream IP3 production, and the 

resulting rise in intracellular Ca2+ then activates other hemichannels, propagating the 

wave (Stout et al., 2004). ATP has been implicated in controlling myometrial 

contraction frequency especially in association with putative Cajal-like interstitial 

pacemaker cells, now called telocytes (Hutchings et al., 2009; Popescu and Faussone-

Pellegrini, 2010). Hutchings et al also propose that cells which stain positively for both 

unphosphorylated Cx43 and c-Kit (and negatively for the fibroblast marker polyl 4-

hydroxylase) may represent these telocytes (Hutchings et al., 2009; Hutchings et al., 

2008b). In this respect it may be interesting to examine the distribution and 

morphology of cells which stain positively for unphosphorylated Cx43 and determine 

whether they exhibit the classical telocyte morphology: an elongated cell body with 2-

5 long processes bearing dilations. 
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Given the importance of connexins in modulating coordinated contractility we have 

assessed the volume fraction of Cx43 and unphosphorylated Cx43 in 12 samples of 

human term myometrium, we have calculated this volume fraction with respect to 

total tissue and also to cellular tissue (as connexins will only be present on the cellular 

components of the tissue). 

6.2 METHODS 

6.2.1 Frozen section processing 

A subset (n=12) of the 57 biopsies used in chapter three were snap frozen as follows:  

 Fixed in 4% paraformaldehyde in 0.1M phosphate buffer solution for 48hrs+ at 

4°C  

 Cryoprotected in 30% sucrose solution (w/v) for 16 hrs at 4°C.  

 Snap frozen in 2-methylbutane cooled to ~160°C with liquid nitrogen  

 Stored at -80°C 

 Tissue biopsies were embedded in Tissue-Tek optimum cutting temperature 

(OCT) compound to form a block 

 Sections were cut with a Leica cryostat 

 Mounted on Superfrost glass slides and stored at -80°C. 

 

6.2.2 VV of connexin 43 in SMC   

Connexin 43 is the most prevalent connexin in the human myometrium; its 

unphosphorylated form is thought to represent hemichannels and the phosphorylated 

form, gap junctions. 12 biopsies were frozen and sectioned (7 µm) and 

immunofluorescently stained with antibodies for unphosphorylated and 

phosphorylated Cx43. These were stained in three batches as outlined below. Each 

batch contained a full set of 12 biopsy sections plus a negative (no primary antibody) 

control section as shown in Figure 57. 
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Figure 57 Immunofluorescent staining for Cx 43 proteins: negative controls 

Panel A shows a section stained for phosphorylated Cx43 and panel B shows a section 

treated in the same manner but with the omission of the primary antibody. Panel C 

shows a section stained for unphosphorylated Cx43 and panel D shows the 

corresponding negative control in which the primary antibody was omitted. No non-

specific staining could be observed in the negative controls. 

 

Incubation steps were carried out in a light-proof humidified incubation chamber. 

Washing steps were carried out with TBS 0.025% triton X-100. 

 Washed 3 x 5 mins 

 Antigen retrieval was carried out by placing sections in a pre-heated trough of 

0.01 M sodium citrate buffer in a steamer at 98°C for 20 mins 

 Sections were cooled in sodium citrate buffer for 15 mins 

 Washed 3 x 5 min 

 Blocking solution was made up consisting of 5% normal goat serum dissolved in 

washing solution 

 100 µl of blocking solution was applied to each slide at RT for 1 hr 
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 A primary antibody mixture was made up in blocking solution, it contained a 

1/250 dilution of polyclonal rabbit anti-human anti-Cx43 (11370, Abcam) and a 

1/250 dilution of monoclonal mouse anti-human anti-unphosphorylated Cx43 

(13-8300, Invitrogen Ltd) 

 50 µl of the primary antibody mixture were added to the slides and incubated 

overnight at 4°C 

 Washed 3 x 5 mins 

 A secondary antibody mixture was made up in washing solution containing a 

1/250 dilution of goat anti-mouse AlexaFluor488 (A11029, Invitrogen) and a 

1/250 dilution of goat anti-rabbit AlexaFluor594 (A11037, Invitrogen). 

 50 µl of the secondary antibody mixture was applied to the slides and 

incubated for 1 hr at RT 

 Washed 3 x 5 mins 

 100µl of a 1/2000 dilution of hoechst nuclear stain in washing solution was 

applied to the slides and incubated for 15 mins at RT 

 Washed 3 x 5 mins 

 Sections were mounted in Fluoromount mounting medium, allowed to set for 3 

hrs, sealed with nail varnish and stored in the dark at 4°C 

 Imaged with a x40 lens coupled to a structured illumination microscope 

To compare two planes of known volume we have utilised pseudo-confocal imaging, a 

description of this microscopy method is given in appendix 1.10. Two pseudo-confocal 

stacks (with a z height of 10 µm and 0.5 µm step size) were taken from each slide in 

the three batches, and three planes were analysed from each stack i.e. 18 images were 

analysed for each patient. Red (Cx43), green (unphosphorylated Cx43) and blue (nuclei) 

fluorescence was imaged, with constant settings for all sections. The brightest (middle) 

plane and a plane 1 µm above and below it were used for analysis. For every stack a 

corresponding non-pseudo-confocal extended focus fluorescent image of the green 

channel (with a long exposure to capture auto-fluorescence of the tissue) was taken so 

that total tissue area could be measured. 
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User-defined macros (see appendix 1.9.4) were written in ImageJ software to analyse 

the images. The non-pseudo-confocal images were simply thresholded by intensity so 

that tissue is selected and the selected pixels counted digitally. The red and green 

stack planes also underwent an intensity threshold to select the stained areas and the 

pixels were counted. A quality control protocol was inbuilt into the macro so that an 

outline mask showing what pixels were counted was saved and could be subtracted 

from the original image to ascertain if areas had erroneously been counted or not 

counted (see Figure 58). Cx43 and unphosphorylated Cx43 pixels were divided by total 

tissue pixels to calculate VV (Cx43, tissue) and VV (unphosphorylated Cx43, tissue) 

respectively. 

 

Figure 58 Quantification of Cx43 fluorescence 

A-C staining represents raw total tissue, unphosphorylated Cx43 and 

phosphorylated Cx43 respectively. The ImageJ macro was applied and pixels 

were selected based on a user defined intensity threshold, the images were 

converted to binary and selected pixels were counted. The counted pixels are 

shown in white in images D-F. In G-I we see the images generated by subtracting 

D, E, F from A, B, C respectively, we can see that all of the brightly fluorescing 

areas were selected. Cx43: Connexin 43, unphos Cx43: unphosphorylated Cx43. 
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Since connexin is expressed only on the cells, we can normalise for the amount of 

cellular tissue present (which we know from chapter 3) and express our results as VV 

(Cx, cellular tissue) and VV (Unphosphorylated Cx43, cellular tissue) using formula 

Equation 17. 

 

 
 

6.3 RESULTS 

6.3.1 Clinical details 

The clinical details of the 12 women included in the study are shown in Table 26. The 

participants were separated into two BMI groups for comparisons: low normal BMI 

(n=7) and high normal BMI (n=5). No obese women were included as we wanted to 

examine the effect of age specifically. The women were also split into two age groups: 

those below the mean age of 33.75 yrs (n=4) and those above this mean age (n=8). The 

nulliparous (n=4) and multiparous (n=8) women were also compared. The median 

gestation at Caesarean section was 39 wks (range 38-40wks).The reasons for 

Caesarean delivery, mean BMI, age and median parity (and their corresponding 

ranges) are also given in Table 26. The BMI, age and parity of the BMI, age and parity 

groups were significantly different, there were no other differences between the 

maternal characteristics of the groups, the P-values for these comparison tests are 

given in Table 27. 

Equation 17 VV (x, cellular tissue) 

𝑽𝒗 (𝒙, 𝑪𝒆𝒍𝒍𝒖𝒍𝒂𝒓 𝑻𝒊𝒔𝒔𝒖𝒆) =
𝑽𝑽 (𝒙, 𝒕𝒊𝒔𝒔𝒖𝒆)

𝟏 −  𝑽𝑽 (𝑬𝑪𝑴, 𝒕𝒊𝒔𝒔𝒖𝒆)
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Table 26 Clinical details for 12 women 

Clinical 

Detail 

All 

women 

Low 

Normal 

BMI 

High 

Normal 

BMI 

Younger Older 
Nulli-

parous 

Multi-

parous 

n  12 7 5 4 8 4 8 

Gestation 

wks 

(median, 

range) 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39, 38-

40 

39,  

38-40 

39,  

38-40 

BMI  

(mean, 

range) 

22.2, 

20.3-

24.5 

21.1, 

20.3-

21.9 

23.8, 

22.6-

24.5 

22.3,21.

1-24.3 

22.2, 

20.3-

24.5 

21.6,  

21.2-

22.6 

22.5,  

20.3-24.5 

Age, years 

(mean, 

range 

33.8, 

27-38 

33,  

27-38 

34.8, 

30-38 

29.8,  

27-33 

35.8, 

34-38 

32.3,  

27-38 

34.5,  

29-38 

Parity 

(median, 

range) 

1,  

0-2 

1,  

0-2 

1,  

0-2 

0.5,  

0-2 

1,  

0-2 

0,  

0-0 

1.5,  

1-2 

Nulliparous 4 3 1 2 2 4 0 

Parity=1 4 2 2 1 3 0 4 

Parity=2 4 2 2 1 3 0 4 

Reasons for 

cesarean  
       

Previous 

cesarean 
5 2 3 1 4 0 5 

Breech 

Presentation 
6 4 2 3 3 3 3 

Previous 

myo-

mectomy 

1 1 0 0 1 1 0 
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6.3.2 Qualitative analysis 

Connexin 43 demonstrated a punctate, membrane bound pattern as can be seen in 

Figure 59, staining appeared restricted to a small proportion of cells, mainly smooth 

muscle cells. Unphosphorylated Cx43 staining is seen in the cytoplasm of long slender 

cells at the periphery of fibre bundles and near blood vessel walls. Smaller areas of 

unphosphorylated Cx43 staining are seen between SMC within fibre bundles and may 

represent processes of these cells. 

Table 27 Maternal characteristics of the groups: P-values 

 
BMI Age Parity 

BMI groups 0.006 0.458 0.576 

Younger v Older 1 0.008 0.548 

Nulliparous v Multiparous 0.671 0.437 <0.05 

Parity was compared with a Fisher’s exact test.  
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Figure 59 Connexin 43 staining 

Panel A is an overexposed image of the green fluorescence, showing 

unphosphorylated Cx43 staining and fixative autofluorescence. In panel B, 

unphosphorylated Cx43 is shown in green and punctate phosphorylated Cx43 is 

shown in red, nuclei are stained with Hoechst (blue).  
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6.3.3 VV Connexin 43 and unphosphorylated connexin 43 

6.3.3.1 Group comparisons 

The mean ± SEM volume fraction of connexin 43 and unphosphorylated connexin 43 

relative to myometrial tissue volume and cellular tissue volume (excluding ECM) are 

given in Table 28 and Figure 60. VV (unphos Cx43, tissue) was significantly reduced in 

the younger group compared to the older group (P=0.049) this is illustrated in Figure 

61. There were no other significant differences between the groups. 

 

 

 

Table 28 VV Cx43 and unphosphorylated Cx43: Means and P-values 

 Cx43 Unphosphorylated Cx43 

  
VV (Cx43, 

tissue) 

VV (Cx43, 

cellular tissue) 

VV (unphos 

Cx43, tissue) 

VV (unphos Cx43, 

cellular tissue) 

All women 0.023 ± 0.005 0.034 ± 0.008 0.014 ± 0.004 0.022 ± 0.008 

Low Normal BMI 0.019 ± 0.005 0.028 ± 0.007 0.012 ± 0.003 0.018 ± 0.005 

High Normal BMI 0.029 ± 0.011 0.042 ± 0.016 0.017 ± 0.01 0.028 ± 0.018 

P-value 0.755 0.755 0.876 1 

Younger 0.014 ± 0.004 0.022 ± 0.006 0.005 ± 0.001 0.008 ± 0.001 

Older 0.027 ± 0.007 0.039 ± 0.011 0.018 ± 0.006 0.029 ± 0.011 

P-value 0.368 0.368 0.049 0.073 

Nulliparous 0.015 ± 0.004 0.023 ± 0.006 0.007 ± 0.002 0.012 ± 0.003 

Multiparous 0.027 ± 0.008 0.039 ± 0.011 0.017 ± 0.006 0.027 ± 0.011 

P-value 0.683 0.683 0.461 0.570 

Vv Mean ± SEM values are given as unitless ratios. Significant P-values are shown in bold. 

There is a significant reduction in VV (unphosphorylated Cx43, tissue) in the younger group as 

compared to the older group. When we normalise this measure by dividing by VV (cellular 

tissue, tissue) to get VV (unphos Cx43, cellular tissue), the difference is approaching 

significance at P=0.073.  
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Figure 60 VV Connexin 43 

There was a significant reduction in the VV (unphosphorylated Cx43, tissue) in the 

younger group compared to the older group (P=0.049).  There were no other 

significant differences between the groups for any of the measured parameters. 
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Figure 61 Increased VV(unphosphorylated Cx43, tissue) in the older myometrium 

Panel A shows myometrium from a 27 year old woman and panel B shows 

myometrium from 38 year old woman. We can see there is more positive staining 

for unphosphorylated Cx43 in the older myometrium. 

 

6.3.3.2 Correlation 

A significant positive correlation of VV (unphosphorylated Cx43, tissue) and VV 

(unphosphorylated Cx43, cellular tissue) was observed in association with maternal 

age (P=0.012, 0.043 respectively).  
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Figure 62 VV Connexin 43 and maternal characteristics 

Each point represents a single patient biopsy. A significant positive correlation of 

VV (unphosphorylated Cx43, tissue) and VV (unphosphorylated Cx43, cellular 

tissue) was observed in association with maternal age (P=0.012, 0.043 

respectively).  
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6.4 DISCUSSION 

We report a significant increase in the volume fraction of unphosphorylated connexin 

43 in the term myometrium of the older women (>33.75 yrs) compared to the younger 

women (P=0.05), a significant positive correlation was also observed between VV 

(unphosphorylated Cx43, tissue) and maternal age (P=0.012), this correlation remained 

significant when we normalised the volume fraction to the quantity of cellular tissue 

(P=0.043). The rs values are 0.72 and 0.60 respectively indicating a moderate 

correlation with maternal age. 

 

Phosphorylated Cx43 expression is thought to represent connexins composing gap 

junctions. A limitation of this study is that we could not resolve gap junction structure 

with light microscopy, the use of immunegold staining and TEM would allow more 

reliable determination of the gap junction designation of these areas of staining. The 

staining for this protein occupied 3.4 ± 0.8 % of the volume of cellular tissue in our 

biopsies and this level was unaffected by maternal BMI or age.  

Table 29 VV Connexin 43: Correlation test P-values 

  Connexin 43 Unphosphorylated connexin 43 

  

VV (Cx43, 

tissue) 

VV (Cx43, 

cellular 

tissue) 

VV (unphos 

Cx43, tissue) 

VV (unphos Cx43, 

cellular tissue) 

BMI r2/rs 9.7 10.1 0.08 0.08 

 
P 0.323 0.315 0.800 0.800 

Age r2/rs 15.1 13.6 0.72 0.60 

 
P 0.211 0.239 0.012 0.043 

Parity r2/rs 10.4 14.8 0.40 0.40 

 
P 0.307 0.217 0.193 0.193 

Pearson’s correlation r2
 (as a percentage) and P-values are given for VV (Cx43, tissue) 

and VV (Cx43, cellular tissue), all other data was non-parametric and therefore 

Spearman’s ranks correlation coefficient (rs) and P-values for the 2-tailed Spearmans 

rank correlation. Tests which reached significance are shown in bold.  
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These samples were taken at term but before the onset of labour so we would expect 

an increased expression in this tissue compared to non-pregnant tissue, but the levels 

may not represent what the expression would have been if labour was allowed to 

occur given the relatively short half-life of Cx43 (Laird et al., 1991). 

 

Gap junction plaques are enlarged by the addition of connexons to the margins of the 

plaque, the connexons staining with unphosphorylated Cx43 may represent these 

precursors, and this is supported by the cytoplasmic localisation of the staining. The 

specificity of the antibody for the unphosphorylated form of Cx43 could be confirmed 

by western blotting or including a negative control such as pre-incubation of the tissue 

with a PKA agonist which would phosphorylate the protein. Strong staining for 

unphosphorylated Cx43 was not observed in the smooth muscle cells and appeared 

restricted to elongated cells at the periphery of muscle fibre bundles (the interstitium); 

smaller profiles of staining within fibre bundles may represent processes of these cells. 

These elongated cells also exhibited small amounts of punctate phosphorylated Cx43 

staining. It is unknown whether these cells represent telocytes, fibroblasts or another 

cell type. Unphosphorylated Cx43 has been proposed as a marker for telocytes 

(interstitial Cajal-like cells, ICLC) when co-expressed with c-Kit. A pilot study for c-Kit 

staining was attempted with two separate antibodies (Abcam, ab5506 and Dako A4502) 

which stained cells in a positive control (breast epithelium tissue) but failed to 

positively stain any elongated cells in the myometrial biopsies, only spherical cells 

which most likely represented mast cells were observed . C-Kit negativity does not 

necessarily exclude a telocyte designation for these cells as c-Kit positivity differs 

between species and tissue types (Popescu and Faussone-Pellegrini, 2010).  

 

Furthermore in 2005, Duguette et al noted non-contractile, vimentin-positive c-Kit-

negative Cajal-like cells in myometrium from pregnant women, although it is debated 

that these may represent fibroblasts (Duquette et al., 2005; Hutchings et al., 2009). 

The literature sways in favour of c-Kit-positive telocytes existing in the myometrium. A 

study by Popescu’s group describes c-Kit-positive telocytes in myometrium at various 

stages of gestation (17-40 weeks) and in labouring samples, which demonstrated long 
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processes containing mitochondria, spontaneous electrical activity, and fulfilled the 

TEM criteria for ICLC identification which allowed differentiation from fibroblasts 

(Ciontea et al., 2005). They further demonstrated the presence of estrogen and 

progesterone receptors in these cells which may allow them to modulate myometrial 

activity according to the hormonal state (Cretoiu et al., 2006). Imatinib mesylate, an 

inhibitor of c-Kit tyrosine kinase activity, represses spontaneous non-pregnant 

myometrial contractions in vitro (prolonged 2 -40 µM and acute 80-100 µM exposure) 

(Popescu et al., 2006). In term pregnant rabbit and human myometrium inhibition was 

only observed at acute exposure of 100µM, and only affected the amplitude of 

contractions (Hutchings et al., 2006; Hutchings et al., 2009). c-Kit expressing cells 

appear reduced in myometrium from pregnant (not in labor) women compared to that 

from non-pregnant women (in 10 fields at x400 magnification, 31 vs 4 c-Kit positive 

cells observed) (Horn et al., 2012). Another study by Popescu’s group identified 

telocytes in pregnant and non-pregnant human myometrium and aligned 

ultramicroscopic images of the cells to observe the extent of their processes, the 

processes were thinner and longer in the non-pregnant tissue (Creţoiu et al., 2012). An 

attenuation of telocyte volume or function during pregnancy may help explain the 

apparent reduced effect of imatinib in pregnant tissue and the lack of c-Kit observed in 

our study.  Possibly, this could aid in maintaining the quiescence of pregnancy. The 

increased staining for unphosphorylated Cx43 in the older women may represent an 

increase in this cell population or an increase in connexon hemichannel expression in 

this population and provides an impetus for this avenue of investigation. We cannot 

say for certain these cells are telocytes without further determination of the 

phenotype of the marked cells. Further experiments such as electron microscopy, the 

platinum standard for recognising telocytes morphology, combined with immunogold 

labelling for unphosphorylated Cx43 could determine whether these cells represent 

telocytes.  

The dysfunctional labour of older women may be related to increased levels of 

unphosphorylated Cx43 in this group but further studies are required to fully 

understand what cells and processes are involved.
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CHAPTER 7 THE VASCULATURE OF TERM MYOMETRIUM 

7.1 INTRODUCTION 

In this chapter we have analysed several aspects of the vasculature of the term 

myometrium. Tissue obtained during elective term (non-labouring) Caesarean of 22 

women was stained with the blood vessel marker Ulex europaeous agglutinin I (UEA-I), 

and an antibody against α-smooth muscle actin (α-SMA) to highlight smooth muscle 

cells. Stereological methods were used to measure the following parameters: 

 Length density: length of vessel per volume of tissue and per volume of muscle  

 The radial diffusion distance (half the average distance between vessels) 

 The ratio of vessel wall surface area to tissue volume (Sv (vessel, tissue)) 

 The fraction of the tissue volume occupied by vessels (VV (vessel, tissue)) 

 Mean vessel diameter 

 Mean vessel cross-sectional area 

 Mean minimum Feret’s (calliper) diameter 

 The distribution of vessel sizes based on the minimum Feret’s diameter 

We have also assessed these parameters with respect to maternal BMI, age and parity. 

Alterations in uterine vasculature would have several functional consequences. There 

is an intuitive relation of vasculature to oxygen and nutrient supply and the removal of 

metabolic waste, and there are important clinical considerations. Postpartum 

haemorrhage (PPH) is one of the leading direct causes of maternal death worldwide 

(Hogan et al., 2010; WHO, 2004). PPH is defined as >500 mls of blood loss within 24 hrs 

of birth. The most common cause (70%) of PPH is uterine atony, failure of the uterus to 

contract adequately to bring about haemostasis (Oyelese and Ananth, 2010). 

Extraneous uterotonics, commonly oxytocin, misoprostol or ergometrine may be used 

to stimulate uterine tone and attenuate PPH. There is an increased risk of atonic 

postpartum haemorrhage in obese women (Blomberg, 2011) and possibly in mothers 
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of advanced age, although this is controversial (Oyelese and Ananth, 2010; Kramer et 

al., 2013). The possible dysfunctional contractility of myometrium from obese women 

could be a possible explanation for this increased risk (Zhang et al., 2007). Possible 

alterations in the uterine vasculature in association with obesity or advanced age may 

also play a role in PPH or indeed in dysfunctional contractility and will be examined in 

this chapter. 

Considerable cardiovascular change occurs during pregnancy, uteroplacental blood 

flow more than doubles (Rekonen et al., 1976), blood volume, haematocrit, cardiac 

output, stroke volume, heart rate, end diastolic volume,  venous compliance and 

venous blood volume are all increased in pregnancy (Thornburg et al., 2000). Uterine 

artery resistance and blood pressure decreases (Thornburg et al., 2000). Several 

structural changes occur in the uteroplacental vessels, the circumferential size of the 

uterine vessels increases (including an almost doubling of the lumen diameter of the 

uterine arteries (Palmer et al., 1992)) Some animal studies suggest this is in part due to 

an increase in vascular smooth muscle cell length in the media of the vessels (Cipolla 

and Osol, 1994; Hees et al., 1987). There is increased protein content and force-

generating ability of the ovine uterine artery during pregnancy suggesting hypertrophy 

has occurred (Annibale et al., 1990). There is also an increase in arterial stiffness 

(decreased compliance) and pulse wave velocity (Robb et al., 2009), increased levels of 

the endothelial-derived vasodilator NO and endothelial NO synthase (eNOS, the 

enzyme responsible for NO production), and decreased sensitivity to the 

vasoconstrictor angiotensin II (Anumba et al., 1999; Nelson et al., 2000). Some animal 

studies claim an increased distensibility (increased compliance) of arcuate, radial and 

uterine arteries (Osol and Cipolla, 1993; Page et al., 2002; Cipolla et al., 1997). 

Alterations in collagen and elastin ratios are often related to compliancy; the change in 

these matrix components with pregnancy is not fully clear and may be different 

between species. In the rat uterine artery there has been a report of decreased elastin 

content (Page et al., 2002), sheep and pigs exhibit decreased collagen content 

(Griendling et al., 1985; Guenther et al., 1988), human placental spiral arterioles and 

rat uterine vein (Page et al., 2002) exhibit a decrease in elastin content  (Robertson 

and Manning, 1973) with pregnancy.  
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Preplacental and premyometrial arteries may exhibit considerable differences in 

structure and function because of the endovascular invasion of trophoblast into the 

spiral arties proximal to the placenta resulting in larger circumference and mass of the 

preplacental areteries (Osol and Cipolla, 1993). Premyometrial radial arteries may not 

remodel to the extent of the preplacental arteries but they possess a greater diameter 

and length than corresponding non-pregnant vessels (Gokina et al., 2003). This 

suggests that humoral factors and not just the placentation effects on blood flow are 

involved in myometrial vessel remodelling. 

Elongation of vessels occurs to accommodate uterine distension during gestation, this 

occurs either by longitudinal growth of the vessels or straightening of the coils of the 

spiral arterioles (Osol and Cipolla, 1993). The extent to which each mechanism 

contributes to vessel lengthening in human gestation is not known. In the rat, the 

uterine, arcuate and radial vessels elongate x2-5 times their pre-pregnancy length 

(Nienartowicz et al., 1989; Osol and Cipolla, 1993). The combined increases in the 

length of the uteroplacental vessels and the decrease in viscosity of the blood during 

pregnancy (Oosterhof et al., 1993) can decrease resistance and thus increase blood 

flow. 

Maternal age may affect hemodynamic and structural aspects of the uterine 

vasculature. Pregnancy-induced uterine artery remodelling, especially SMC 

proliferation, is reduced in older mice and this is accompanied by an increased risk of 

fetus loss (van der Heijden et al., 2004). The mean uterine artery impedance in late 

pregnancy is also increased in association with maternal age (Pirhonen et al., 2005). 

This measure, also known as the pulsatility index, is a measure of the difference in 

velocity of blood during systole and diastole expressed as a fraction of mean velocity.  

This may be an indicator of downstream resistance. During normal pregnancy, as the 

trophoblastic invasion of blood vessels decreases vascular resistance at the placenta, 

the impedance decreases. There is also decreased uterine blood flow, and increased 

risks of uterine infarcts, placental underperfusion and sclerotic vascular lesions in 

association with increased maternal age (Naeye, 1983). 

Maternal obesity is also associated with structural vascular changes, including 

basement membrane thickening and increases in vessel diameter, permeability and 
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stiffness (Zebekakis et al., 2005). There are also differences in the response of vessels 

in an obese environment; there is a decreased vasodilatory response to ACh (Steinberg 

et al., 1996), an impaired flow mediated release of endothelial dependant vasodilators 

(Sturm et al., 2009) and an increased sensitivity to vasoconstrictor agonists (Esler et al., 

2001; Agapitov and Haynes, 2002; Traupe et al., 2002; Stepp and Frisbee, 2002). 

Alterations in vascular parameters have been observed in obese pregnancy. The 

increase in endothelial-dependent vasodilation which occurs in pregnancy is 

attenuated in obese women (Ramsay et al., 2002; Stewart et al., 2007) and at four 

months postpartum this increase declines to 1st trimester levels in obese women 

versus a persistent effect in the non-obese postpartum women (Stewart et al., 2007). 

Myers et al also observed impaired endothelial-dependant vasodilation in obese 

versus non-obese pregnant women (Myers et al., 2006; Ramsay et al., 2002). 

Perivascular fat and the vasoactive inflammatory mediators that it secretes in the 

obese environment have recently been highlighted a possible important factor in 

uterine dysfunction (Britton and Fox, 2011; Hayward et al., 2014). 

Because of these alterations in the uterine vasculature of obese and older mothers it is 

of interest to quantify other structural features of the myometrial vasculature and 

compare them to maternal BMI and age.  

 

7.2 METHODS 

7.2.1 Tissue acquisition and processing 

22 myometrial biopsies were collected as described in section 2.2.1 with the difference 

that after collection, they were placed into ice cold 4% paraformaldehyde fixative (see 

appendix 1.3) within 3 mins of excision and fixed for 24-48 hrs at 4°C. Biopsies were 

cryoprotected in a 30% sucrose (w/v) solution and snap frozen in 2-methylbutane 

cooled with liquid nitrogen. Samples were stored at -80°C. 
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7.2.2 Isotropic uniform random sectioning 

Orientation bias is particularly harmful to the accuracy of measurements of linear 

structures such as vessels so a slight variation to the tissue embedding protocol was 

performed to ensure isotropic uniform random orientation. The tissue blocks were 

placed in a spherical silicone mould (as shown in appendix 1.6) which was filled with 

OCT cryoembedding medium. The moulds were cooled to -20°C and the solidified 

sphere was extracted from the mould. The sphere was rolled to randomise its 

orientation and mounted onto the cryostat chuck. 10 µm sections were cut from each 

biopsy and mounted on Superfrost charged slides. Three sections from each biopsy 

were stained and these were taken at least 100 µm apart. 

7.2.3 Immunofluorescent and lectin Staining 

Ulex europaeous agglutinin I lectin was chosen as a blood vessel marker, it is a 

glycosylated protein with a high specificity for fucose or fucosylated substances. 

Fucose can be found on blood and lymphatic endothelium and is an antigen involved in 

ABO blood grouping, although staining is not affected by the blood group of the donor 

(Nishiyama, 1989). Alpha-smooth muscle actin (α-SMA) was used to mark SMC; this 

will bind to vascular and visceral SMC, myofibroblasts, myoepithelial cells (but not 

epithelia, lymphocytes, cardiac and skeletal muscle, endothelial cells, fat cells, 

schwann cells or fibroblasts).  

The 22 women were selected so that they could be split into 3 age and parity matched 

BMI groups and 2 BMI and parity matched age groups. Clinical details are given in 

7.3.1. One section from each woman was stained in each staining experiment and each 

staining experiment was repeated three times.  

Lectin staining requires the addition of divalent cations to the buffers and lectin 

diluents to aid lectin binding; this necessitated the omission of phosphates which 

would cause a precipitation. Therefore a special lectin buffer (see appendix 1.7) 

containing HEPES, MgCl2, CaCl2 and NaCl was used for washes and lectin diluent unless 

stated otherwise. Incubations were carried out in a dark humidified chamber. 

The staining protocol was as follows: 
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 Sections were washed for 5 mins in lectin buffer with gentle agitation 

 Permeabilised in TBS containing 0.025% triton X-100 for 5 mins 

 Slides were blocked with 5% normal goat serum diluted in TBS for 1 hr at RT.  

 100 µl of the monoclonal mouse anti-human alpha smooth muscle actin 

(αSMA) antibody (Dako, M0851, IgG2a, κ, clone 1A4, 1/100) diluted in blocking 

solution was applied to each slide and incubated overnight at 4°C. 

 Washed 3 x 5 min with lectin buffer 

 A mixture of 50 µl of rhodamine conjugated Ulex europaeus agglutinin I (UEA-I) 

(Vector Labs, RL-1062, 1/100, 20µg/ml) and goat anti-mouse Alexa Fluor 488 

antibody (Molecular Probes, A-11029, IgG (H+L), 13.34 µg/ml), 1/150) diluted in 

lectin buffer was added to each slide for 90 mins at RT.  

 Subsequent steps were carried out in the dark.  

 Washed 3 x 5 min with lectin buffer 

 Nuclei were counterstained with 100µl of hoechst-33342 (Invitrogen, H3570, 

1/2000) diluted in lectin buffer which was applied for 15 mins 

 Washed 3 x 5 min with lectin buffer 

 Slides were mounted with Fluoromount mounting medium (Sigma-Aldrich, 

F4680-25ml) and stored at 4°C 

 2 negative controls were included in each set. A α-SMA control in which 

blocking solution was substituted instead of the αSMA antibody solution. A 

UEA-1 control in which the UEA-I was pre-absorbed (at 1/100) for 1 hr at RT in 

lectin buffer containing 100 mM fucose (Vector Labs, S9007). 

7.2.4 Imaging 

Imaging was carried out using an Olympus IX81 microscope with an Optigrid structured 

illumination system and Volocity Improvision software (PerkinElmer). Filters for FITC, 

TRITC and hoechst were used. Pseudo-confocal stacks with red, green and blue 

channels were taken at 10x magnification with a step size of 0.5 µm and a total z 

height of 10 µm. The Optigrid grid was removed and extended focus images were also 

taken in the green channel. Two stacks were taken from each slide; i.e. 6 per patient. 
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7.2.5 Length density and radial diffusion distance analysis 

Images were imported into ImageJ freeware (NIH). Four square unbiased counting 

frames were superimposed on the brightest (5th) red channel plane (Figure 63C), the 

vessel profiles which fell within the frame and also did not cross the bottom and left 

side borders were counted, according to the rules of the unbiased counting frame. On 

the corresponding extended focus image of the green channel (Figure 63D) a grid of 64 

intersections was overlaid within each of these four counting frames. The intersections 

overlying any tissue and those overlying SMCs were counted. It was possible to see the 

non-muscular components of the tissue due to slight autofluorescence of the 

paraformaldehyde fixative. The length density (LV) of blood vessels is the length of 

vessel per unit volume of reference space, which in our case can be calculated using 

tissue or SMC as the reference space. This was calculated as per Equation 18 and 

Equation 19. The number of profiles in the formula is the total number of profiles from 

all counting frames from a patient (24 frames). The area of tissue/SMC measured was 

calculated by multiplying the total number of intersections overlying tissue/SMC in all 

counting frames from each woman and multiplying it by the area associated with each 

point, d. This d is determined by measuring the side of a counting frame and 

multiplying by the magnification factor (as determined by a graticule), squaring this to 

calculate the area of a counting frame and dividing by the number of intersections in a 

frame (64 intersections). 
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Figure 63 Method of Length Density Analysis 

The figure depicts a representative sample showing how the length density 

analysis was performed. Scale bar is 200 µm. A. A maximum intensity projection 

of the stack showing αSMA stained SMC in green and UEA-I stained endothelium 

in red. B. The brightest red plane of the stack. C. Unbiased counting frames were 

superimposed and vessel profiles obeying the counting rule were counted. D. An 

extended focus (non-confocal) image of the green channel was used for 

measuring the area of tissue and SMC tissue. 

 

 

 

 

Equation 18 LV (vessel, tissue) 

𝑳𝒗 (𝒗𝒆𝒔𝒔𝒆𝒍, 𝒕𝒊𝒔𝒔𝒖𝒆) = 𝟐 .  
𝑵𝒐. 𝒐𝒇 𝒗𝒆𝒔𝒔𝒆𝒍 𝒑𝒓𝒐𝒇𝒊𝒍𝒆𝒔

𝑨𝒓𝒆𝒂 𝒐𝒇 𝒕𝒊𝒔𝒔𝒖𝒆 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅
 

Equation 19 LV (vessel, SMC) 

𝑳𝒗 (𝒗𝒆𝒔𝒔𝒆𝒍, 𝑺𝑴𝑪) = 𝟐 .  
𝑵𝒐. 𝒐𝒇 𝒗𝒆𝒔𝒔𝒆𝒍 𝒑𝒓𝒐𝒇𝒊𝒍𝒆𝒔

𝑨𝒓𝒆𝒂 𝒐𝒇 𝑺𝑴𝑪 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅
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The radial diffusion distance (rDiff) is half the mean distance between vessels and is an 

indicator of the distance nutrients and gases must diffuse into surrounding tissues. 

Radial diffusion distance is calculated from length density as per Equation 20. This was 

calculated using LV (vessels, total tissue) and also LV (vessels, SMC) 

 

 

7.2.6 Volume fraction analysis 

The fraction of total myometrial volume occupied by blood vessels was calculated by 

counting the number of grid intersections overlying myometrial tissue and those 

overlying vessels (including vessel lumina but not media or adventitia). This count was 

done using images and grids such as that shown in Figure 63C and by applying 

Equation 21. VV (vessel, tissue was calculated from the total points count from all 

images for each woman. 

 

 
 

7.2.7 Surface density analysis 

The surface density (SV) of vessels in the myometrium was also measured; this is the 

surface area of vessel per unit volume of myometrial tissue. The intersections of 

gridlines and vessel endothelium were counted using the grid shown in Figure 63D and 

a red image like that in Figure 63C. SV was calculated as per Equation 22, where IL is the 

number of intersections of gridlines and endothelium divided by the total length of line 

applied to the reference space, the myometrial tissue. The total length of line applied 

was calculated by multiplying the length of line per point by the number of points 

overlying myometrial tissue. A grid was used instead of the conventional set of parallel 

lines, this was to help remove bias of orientation, and therefore the final intersection 

count and total length of line were divided by 2 before the formula was applied.  

Equation 20 Radial diffusion distance 

𝑹𝒂𝒅𝒊𝒂𝒍 𝑫𝒊𝒇𝒇𝒖𝒔𝒊𝒐𝒏 𝑫𝒊𝒔𝒕𝒂𝒏𝒄𝒆 =
𝟏

√ 𝝅 .  𝑳𝒗

 

Equation 21 VV (vessel, tissue) 

𝑽𝑽 (𝐯𝒆𝒔𝒔𝒆𝒍, 𝒕𝒊𝒔𝒔𝒖𝒆)

=  
𝑵𝒐.  𝒐𝒇 𝒑𝒐𝒊𝒏𝒕𝒔 𝒐𝒗𝒆𝒓𝒍𝒚𝒊𝒏𝒈 𝒗𝒆𝒔𝒔𝒆𝒍𝒔

𝑵𝒐.  𝒐𝒇 𝒑𝒐𝒊𝒏𝒕𝒔 𝒐𝒗𝒆𝒓𝒍𝒚𝒊𝒏𝒈 𝒎𝒚𝒐𝒎𝒆𝒕𝒓𝒊𝒂𝒍 𝒕𝒊𝒔𝒔𝒖𝒆
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7.2.8 Mean diameter and mean cross-sectional area analysis 

The mean vessel diameter (d) can be calculated from LV and SV data as shown in 

Equation 23. The mean vessel cross-sectional area can then be calculated from this 

mean diameter value, LV and VV values using Equation 24. 

 

 
 

 
 

7.2.9 Size distribution analysis 

The distribution of vessel sizes was analysed with ImageJ freeware. An image of a 

maximum intensity projection of 5 planes of the red channel (equivalent to 2 µm 

thickness in the Z axis) was created from each stack. This was to ensure a complete 

circular profile can be seen on the resulting image. A macro (see appendix 1.9.3) was 

used to segment those vessel profiles which had an area larger than 30 pixels (51 µm2, 

equivalent to a diameter of 8.1 µm). This limit was set to exclude any individual red 

blood cells or small artefacts. Only vessel profiles with a circularity index of 0.4 and 

above were included, this was so that only transversely sectioned vessels were 

selected. The circularity index was defined as per Equation 25. A mask image (Figure 

64C) was generated containing an outline of all counted images and this was 

mathematically added to the original image so a visual assessment of the selection 

criteria suitability could be made. These profile outlines were automatically numbered 

so that erroneous measurements could be excluded. 

Equation 22 SV (vessel, tissue) 

𝑺𝒗 = (𝒗𝒆𝒔𝒔𝒆𝒍, 𝒕𝒊𝒔𝒔𝒖𝒆) = 𝟐 . 𝑰𝑳 

Equation 23 Mean diameter 

𝑴𝒆𝒂𝒏 𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓 (𝒅) =  
𝑺𝑽

𝑳𝑽𝝅
 

Equation 24 Mean cross sectional area 

𝑴𝒆𝒂𝒏 𝑪𝒓𝒐𝒔𝒔 𝑺𝒆𝒄𝒕𝒊𝒐𝒏𝒂𝒍 𝑨𝒓𝒆𝒂 =  
𝑽𝑽

𝑳𝑽
 .

𝝅 𝒅𝟐

𝟒
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Area, circularity index and minimum Feret’s (calliper) diameter measurements were 

generated for each vessel profile within the size and circularity limits for every image. 

405 ± 157 (mean ± SD) vessel profiles were counted per biopsy. The minimum Feret’s 

diameter is defined as the shortest distance between any two perpendicular planes 

restricting the vessel, perpendicular to that direction, i.e. the minimum calliper, so this 

will help overcome overestimation due to vessel section obliquity. Measurements 

were converted into microns and arranged into size bins. For each woman, the 

percentage of the total number of profiles that was contained in each bin was 

calculated. A chi square test was used to compare the distribution of minimum Feret’s 

diameters between the BMI (normal, overweight and obese BMI) and age (above and 

below the mean age of 34.8 years) groups. Heat maps were also generated in 

Microsoft Excel to provide a visual representation of the distribution. 

Equation 25 Circularity 

𝑪𝒊𝒓𝒄𝒖𝒍𝒂𝒓𝒊𝒕𝒚 = 𝟒𝝅 .
𝑨𝒓𝒆𝒂

𝑷𝒆𝒓𝒊𝒎𝒆𝒕𝒆𝒓𝟐
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Figure 64 Method of Size Distribution Analysis 

Panel A shows αSMC (smooth muscle cells) in green and UEA-I (blood vessel 

endothelium) in red. Panel B is representative of the input images used for 

automatic vessel analysis in ImageJ it is a maximum intensity projection of 5 

planes from a confocal stacks, this is equivalent to 2 µm thickness in the Z axis. 

Panel C is an example of the output from the analysis of vessel profiles larger 

than 51 µm2 in area and with a circularity index of 0.4 or greater. Measured 

vessels are outlined in white and numbered.  
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7.3 RESULTS 

7.3.1 Clinical details 

Of the 22 women recruited for the study 10 women were in the normal BMI category, 

7 were in the overweight BMI category and 5 were in the obese BMI category, for our 

analyses we compared the normal BMI women to those with a BMI over 25. To analyse 

the effect of age the women were split into 2 groups, those above (older groups, n=11) 

and those below (younger group, n=11) the mean age of 34.8 years. Nulliparous and 

multiparous women were also compared. There was no significant difference in the 

BMI of the parity or age groups nor was there a difference in the ages of the BMI or 

parity groups. There was no difference in the proportion of nulliparous to multiparous 

women in the BMI or age groups either. The clinical details for the women included in 

this study are given in Table 30 and the P-values for the comparison tests are given in 

Table 31. Data for the individual women are given in Table 60 in the appendix. 
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Table 30 Clinical details for 22 women 

Clinical 

Detail 

All 

Women 

Normal 

BMI  

BMI 

≥25  
Younger  Older  

Nulli-

parous  

Multi-

parous  

n 22 10 12 11 11 6 16 

Gestation, 

weeks 

(median, 

range) 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

39,  

38-40 

BMI  

(mean, 

range) 

26.2, 

19-32 

22.7, 

19-24 

29.1, 

26-32 

26.4, 

22-32 

26,  

19-32 

26.3,  

19-32 

26.2,  

22-32 

Age, years 

(mean, 

range) 

34.8, 

28-41 

35.7, 

32-41 

34,  

28-39 

31.6, 

28-34 

38,  

36-41 

34.5,  

29-38 

34.9,  

28-41 

Parity  

(median, 

range) 

1, 0-2 1, 0-2 1, 0-2 1, 0-2 1, 0-2 0, 0-0 1, 1-2 

Nulliparous 6 2 4 3 3 6 0 

Parity=1 12 6 6 6 6 0 12 

Parity=2 4 2 2 2 2 0 4 

Reason for Caesarean Section      

Previous 

Caesarean 
12 7 5 7 5 0 12 

Breech 

Presentation 
6 2 4 3 3 4 2 

Poor 

Obstetric 

History 

4 1 3 1 3 2 2 
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7.3.2 Qualitative analysis 

 

Figure 65 Fluorescently labelled vessels and SMC in term myometrium 

A representative image is shown, vessels are labelled in red and α-SMA of SMC is 

labelled in green. Vessels demonstrated considerable heterogeneity of size. 

Vessels were found within bundles and more often between bundles. 

 

Table 31 Maternal characteristics of the groups: P-values 

 BMI Age Parity 

Normal v BMI ≥25 <0.05 0.314 0.646 

Younger v Older 0.795 <0.005 0.999 

Nulliparous v Multiparous 0.971 0.912 <0.005 

Parity differences were assessed with a Fisher's exact test. Tests which reached 

significance are shown in bold.  
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7.3.3 Length density and radial diffusion distance 

7.3.3.1 Group comparisons 

The length of vessels per volume of tissue (LV (vessel, total tissue)) for all women and 

for each group is given in Table 32, the P-values for the comparison tests are also 

provided. There were no significant differences between the groups. LV (vessel, tissue) 

was used to calculate the mean radial diffusion distance, this is shown for all groups in 

Table 32. There were no significant differences between the groups for this parameter. 

When the length of vessels per unit volume of smooth muscle cells and its 

corresponding radial diffusion distance was calculated, there remained no significant 

difference between the groups. These data are given in Figure 66 and Table 32. 

 

 

 

 

Table 32 Lv and radial diffusion distance of vessels: Means and P-values 

 

Lv (vessel, 

tissue) 

Lv (vessel, 

SMC) 

rDiff (vessel, 

tissue) 

rDiff (vessel, 

SMC) 

All Women 50.9 ± 4.3 103.7 ± 11.2 83.8 ± 3.8 59.9 ± 3 

Normal BMI  57.3 ± 8.4 120.5 ± 23 81.4 ± 7.1 58.9 ± 6.2 

BMI ≥25  45.5 ± 3.2 89.8 ± 6.1 85.8 ± 3.9 60.7 ± 2.2 

P-value 0.217 0.226 0.403 0.792 

Younger  43.9 ± 4.9 87.6 ± 12 90.1 ± 5.9 64.7 ± 4.5 

Older  57.8 ± 6.6 119.9 ± 18.1 77.6 ± 4.1 55.2 ± 3.5 

P-value 0.107 0.118 0.100 0.112 

Nulliparous  38.5 ± 5 72.2 ± 10.1 94.3 ± 7 69.2 ± 5.5 

Multiparous  55.5 ± 5.2 115.5 ± 13.9 79.9 ± 4.2 56.4 ± 3.2 

P-value 0.075 0.053 0.088 0.053 

Values are mean ± SEM, Lv units are mm-2 and radial diffusion distance values are in µm. 
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Figure 66 Length density and radial diffusion distance 

Values are mean ± SEM. The LV values are shown for all women in the study and 

for the BMI, age and parity groups. Panel A shows the length of vessel per unit 

volume of tissue and panel B shows the length of vessel per unit volume of 

smooth muscle. Panel C shows the radial diffusion distance calculated  from LV 

(vessel, total tissue) and panel D shows the radial diffusion distance calculated 

from LV (vessel, SMC). Length density is expressed in mm-2 and radial diffusion 

distance is expressed in µm. There was no significant difference between the 

BMI, age or parity groups for the measured parameters. 
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7.3.3.2 Correlation 

The relationship between the variables is shown in Figure 67. There was a significant 

correlation between LV (vessels, tissue) and age which explained 18% of the variance. 

There was also a significant correlation of LV (vessels, SMC) and parity. LV (vessels, 

tissue) and LV (vessels, SMC) are given in mm-2 and radial diffusion distances are given 

in µm. 

 

Figure 67 LV and radial diffusion distance of vessels and maternal characteristics 

The correlation between LV (vessels, tissue) and maternal age and between LV 

(vessels, SMC) and parity are significant (P=0.048, 0.013). 
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7.3.4 Volume fraction analysis 

7.3.4.1 Group comparisons 

The mean VV for all groups and the P-values for the comparison tests are given in 

Figure 68 and Table 34. There were no significant differences between the groups. 

 

 

Table 33 Lv and radial diffusion distance: Correlation test P-values 

    
LV (vessels, 

tissue) 

LV (vessels, 

SMC) 

Radial diffusion 

distance 

Radial diffusion 

distance: SMC 

BMI r2/rs 1.593 -0.068 0.221 0.45 

 
P 0.576 0.763 0.836 0.766 

Age r2/rs 18.22 0.389 16.37 15.04 

 
P 0.048 0.074 0.062 0.075 

Parity r2/rs 13.99 0.519 15.73 16.76 

 
P 0.086 0.013 0.068 0.059 

Spearman’s rank correlation test rs was calculated for LV(vessels, SMC) and  Pearson’s r2 was 

calculated for the other variables, P-values are shown. There was a significant correlation between 

LV (vessels, tissue) and age which explained 18% of the variance. There was also a significant 

correlation of LV (vessels, SMC) and parity. LV (vessels, tissue) and LV (vessels, SMC) are given in mm-

2 and radial diffusion distance is given in µm. 

Table 34 Vv (vessel, tissue): Means and P-values 

Vv  (vessel, tissue) 

All Women 0.06 ± 0.01 

Normal BMI  0.06 ± 0.01 

BMI ≥25  0.05 ± 0.01 

P-value 0.494 

Younger  0.05 ± 0.01 

Older  0.06 ± 0.01 

P-value 0.394 

Nulliparous  0.05 ± 0.01 

Multiparous  0.06 ± 0.01 

P-value 0.410 
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Figure 68 VV (vessel, tissue) 

The volume fraction values for the various groups are shown. Volume fraction is 

a unitless value. Values are mean ± standard error of the mean. There was no 

significant difference between the BMI, age or parity groups. 

 

7.3.4.2 Correlation 

The relationship between VV (vessels, tissue) and maternal BMI, age and parity are 

shown graphically in Figure 69. There were no significant correlations between these 

variables as can be seen in Table 35. 

 

 

Figure 69 Vv (vessel, tissue) and maternal characteristics 

Each point represents an individual patient. There were no significant 

correlations between the groups. 
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7.3.5 Surface density analysis 

7.3.5.1 Group comparisons 

The mean ± SEM SV (vessel, tissue) for each group is given in Table 36. These data are 

demonstrated graphically in Figure 70. There were no significant differences between 

the groups. 

 

 

Table 35 Vv (vessel, tissue): Correlation test P-values 

 VV (vessels, tissue) 

BMI r2 0.005 

 
P 0.975 

Age r2 4.61 

 
P 0.337 

Parity r2 1.339 

 
P 0.608 

Pearson’s r2 and P-values are shown. There was no significant correlation 

between VV (vessels, tissue) and maternal BMI, age or parity. 

Table 36 Sv (vessel, tissue): Means and P-values 

Sv (vessel, tissue) 

All Women 4.9 ± 0.4 

Normal BMI  5.3 ± 0.7 

BMI ≥25  4.5 ± 0.4 

P-value 0.425 

Younger  4.3 ± 0.3 

Older  5.5 ± 0.6 

P-value 0.122 

Nulliparous  4.2 ± 0.5 

Multiparous  5.1 ± 0.5 

P-value 0.293 

Means ± SEM in mm-1 are provided. There were no significant differences 

between the groups. 
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Figure 70 SV (vessel, tissue) 

The surface density values for the various groups are shown. Surface density is 

expressed in mm-1. Values are mean ± standard error of the mean. There was no 

significant difference between the BMI, age or parity groups. 

 

7.3.5.2 Correlation 

There was no significant correlation between SV (vessels, tissue) and maternal BMI, age 

or parity, as can be seen in Figure 71 and Table 37. 

 

 

Figure 71 SV (vessel, tissue) and maternal characteristics 

Each point represents an individual patient. There are no significant correlations 

between the variables shown. 
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7.3.6 Mean diameter and mean cross-sectional area analysis 

7.3.6.1 Group comparisons 

The mean vessel diameter and cross sectional area for the groups are shown in Table 

38 and graphically in Figure 72. 

 

 

 

Table 37 Sv (vessel, tissue): Correlation test P-values 

 SV (vessels, tissue) 

BMI r2 0.18 

 
P 0.853 

Age r2 13.87 

 
P 0.088 

Parity r2 4.50 

 
P 0.343 

Pearson’s r2 and P-values are shown. There was no significant correlation 

between SV (vessels, tissue) and maternal BMI, age or parity. 

Table 38 Vessel diameter and area: Means and P-values 

 
Vessel diameter Vessel area 

All Women 32.0 ± 1.6 1.1 ± 0.2 

Normal BMI  31.6 ± 2.5 1.0 ± 0.2 

BMI ≥25  32.2 ± 2.2 1.2 ± 0.3 

P-value 0.855 0.649 

Younger  33.7 ± 2.8 1.4 ± 0.3 

Older  30.2 ± 1.6 0.8 ± 0.1 

P-value 0.296 0.089 

Nulliparous  35.8 ± 2.7 1.4 ± 0.3 

Multiparous  30.5 ± 1.9 1.0 ± 0.2 

P-value 0.146 0.309 

Vessel diameter is given in µm and area in mm2. 
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Figure 72 Mean vessel diameter and area 

The mean vessel diameter for the various groups are shown in panel A, this is 

expressed in µm The mean vessel cross sectional area for the various groups are 

given in panel B, this is expressed in mm2. Values are mean ± standard error of 

the mean. There was no significant difference between the BMI, age or parity 

groups. 
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7.3.6.2 Correlation 

There were no significant correlations between vessel diameter and cross-sectional 

area and the maternal characteristics of BMI, age or parity, as can be seen in Figure 73 

and Table 39. 

 

Figure 73 Mean vessel diameter and area and maternal characteristics 

Each point represents an individual patient. No significant correlations were 

observed. 
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Table 39 Vessel diameter and area: Correlation test P-values 

    
Mean vessel 

diameter 

Mean vessel cross 

sectional area 

BMI r2 0.393 2.43 

 
P 0.782 0.489 

Age r2 7.347 14.76 

 
P 0.222 0.078 

Parity r2 12.64 11.08 

 
P 0.104 0.130 

Pearson’s r2 and P-values are shown. Mean diameter is given in µm and area in 

mm2. There was no significant correlation between vessel diameter and area 

and maternal BMI, age or parity. 
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7.3.7 Size distribution analysis 

7.3.7.1 Group comparisons 

The mean minimum Feret’s diameter for each group is given in Table 40. The P-values 

for the comparison tests are also provided. The mean minimum Feret’s diameter was 

significantly larger in the older group compared to the younger group (P=0.009). There 

were no other significant differences between the groups. These data are shown 

graphically in Figure 74. 

 

Figure 74 Minimum Feret's diameter 

The mean minimum Feret’s diameter 

of vessels larger than 51 µm2 and with 

a circularity index of 0.4 or more is 

given for each group. Values are mean 

± SEM and units are µm. The mean of 

the older group is significantly larger 

than that of the younger group. There 

were no significant differences 

between any of the other groups.  

 

 

Table 40 Minimum Feret's diameter: Means and P-values 

Minimum Feret's Diameter 

All Women 23.96 ± 1.17 

Normal BMI  25.38 ± 2.08 

BMI ≥25  22.79 ± 1.26 

P-value 0.334 

Younger  21.05 ± 1.06 

Older  26.88 ± 1.73 

P-value 0.009 

Nulliparous  20.08 ± 4.26 

Multiparous  24.17 ± 1.37 

P-value 0.788 

Mean minimum Feret’s diameter ± SEM in µm for each group is provided. The 

younger group had a significantly smaller mean minimum Feret’s diameter than the 

older group. No differences between the other groups were observed. 
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7.3.7.2 Correlation 

The relationship between the variables is shown in Figure 75 and the r2 values and P-

values for the Pearson’s correlation test are shown in Table 41. The correlation 

between the minimum Feret’s diameter and maternal age is significant at P=0.049. 

There were no other significant correlations between the variables. 

 

 

Figure 75 Minimum Feret's diameter and maternal characteristics 

There is a significant correlation between the minimum Feret’s diameter and 

maternal age (P=0.049). 
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Table 41 Minimum Feret's diameter: Correlation test P-values 

 Minimum Feret’s Diameter 

BMI r2 10.15 

 
P 0.149 

Age r2 17.98 

 
P 0.049 

Parity r2 0.009 

 
P 0.967 

Pearson’s r2 and P-values are shown. Mean Feret’s diameter is given in µm. 

The minimum Feret’s diameter is positively correlated with maternal age 

(P=0.049) and age accounted for 18% of the variation in this parameter. 

P=0.049 
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7.3.7.3 Minimum Feret’s diameter distribution analysis 

The minimum Feret’s diameter was measured for all selected vessels and these were 

segregated into 11 size bins. The size bin ranges were selected so that the upper limit 

of each bin was 120% of the upper limit of the previous bin. The percentage of the 

total number of blood vessels in each bin is graphically demonstrated in Figure 76 for 

the BMI, age and parity groups. There was a significantly different distribution of vessel 

sizes when the age groups were compared with a chi square test (P < 0.01). The 

distribution was not different in the BMI (P=0.95) or parity (P=0.90) groups.  

Heat maps of minimum Feret’s diameter were generated to provide a visual 

representation of vessel size distribution in each category. The heat map shown in 

Figure 77 suggests that there are more vessels with a minimum Feret’s diameter of 9-

19 µm in the younger group compared to the older group. 
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Figure 76 Distribution of 

minimum Feret’s 

diameter 

The limits of the size bins 

are given in µm on the x 

axis and the mean 

percentage of the total 

number of vessels is 

shown on the y axis. 

Panel A demonstrates 

the distribution of blood 

vessel sizes in the BMI 

groups. There was no 

significant difference 

between the normal BMI 

and BMI ≥25 groups 

(P=0.95). Panel B shows 

the distribution of vessel 

sizes in the younger and 

older groups, there was a 

significant difference 

between the groups (P < 

0.01). Panel C shows the 

distribution of vessel 

sizes between nulliparous 

and multiparous women, 

there was no difference 

between these groups 

(P=0.90). 

 



Chapter 7 The vasculature of term myometrium 

 

191 

 

 

Figure 77 Heat map 

of minimum Feret’s 

diameter 

The colour value of 

the heatmap 

indicates the 

percentage of the 

total number of 

vessels occupying 

each of 62 size bin. 

The darker the 

square the greater 

the percentage of 

vessels in that size 

bin. The size bins 

are indicated in 

gradations of 1 µm 

from 9-10 µm to 

≥70 µm. Each row 

represents a single 

woman. The groups 

are arranged in 

order of BMI, age 

and parity in panels 

A, B and C 

respectively. 
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The total number of vessels counted and mean intra-individual coefficient of variation 

(CV%) for each group are given in Table 42. When the groups were compared, there 

were no significant differences in the variation of minimum vessel diameter within 

women; this is also shown graphically in Figure 78 and Figure 79. No significant 

correlations between the intra-individual minimum Feret’s diameter was observed 

between the BMI and parity groups but it was found to be positively correlated to 

maternal age (P=0.047), this is shown in Table 43. 

 

 

 

 

Table 42 Intra-individual CV% in minimum Feret’s diameter: Means and 

P-values 

  # Vessels counted CV%  

All women 8913 56.7 ± 1.7 

Normal BMI 4117 56.2 ± 2.0 

BMI ≥25 4796 57.1 ± 2.6 

P-value 0.863 0.811 

Younger 4328 53.8 ± 2.0 

Older 4585 59.6 ± 2.4 

P-value 0.736 0.076 

Nulliparous 1831 56.6 ± 3.4 

Multiparous 7082 56.7 ± 1.9 

P-value 0.066 0.978 

The total number of vessels assessed for each group is shown. The mean ± SEM and 

P-values of the comparison tests are shown for the number of vessels counted and 

for the intra-individual coefficient of variation (CV%) in the minimum Feret’s vessel 

diameter. Intra-individual CV% was calculated by dividing the standard deviation in 

minimum vessel diameter by the mean minimum vessel diameter from each woman 

individually and multiplying that by 100. The average intra-individual variation was 

then calculated for each group. 
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Figure 78 Intra-individual CV% in minimum Feret's vessel diameter 

There were no significant differences in the variation in minimum Feret’s 

diameter of vessels within women between the groups. 

 

 

 

Figure 79 Intra-individual CV% in minimum Feret's vessel diameter and maternal 

characteristics 

Each point represents a single patient. The intra-individual variation (CV%) in 

minimum vessel diameter is shown for each woman, i.e. the variation within that 

woman. There was a significant correlation between the intra-individual CV% in 

minimum Feret’s vessel diameter and maternal age (P=0.047). 
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CV% was also calculated from the average group minimum Feret’s vessel diameter and 

standard deviations to give an average inter-individual CV% for each group; this 

indicates the variation in the mean vessel size between women in each group. These 

are detailed in Table 44. Again we can see there is more variation in minimum Feret’s 

vessel diameter between the women in the older age group compared to the variation 

between the women in the younger group. 

 

Table 43 Intra-individual CV% in minimum Feret’s diameter: Correlation test P-

values 

Intra-individual CV% in minimum vessel  diameter 

BMI r2 0.09 

 
P 0.893 

Age r2 18.33 

 
P 0.047 

Parity r2 2.89 

 
P 0.449 

Pearson’s correlation coefficient of determination (r2) and P-values for the 2-tailed 

correlation are shown. Maternal age was significantly correlated to the variation in 

minimum vessel diameter, and explained 18% of the variation in this parameter. This 

suggests there was more variation in minimum Feret’s vessel diameter within the women in 

the older age group compared to the younger group. There was no significant correlation of 

intra-individual CV% vessel diameter with maternal BMI and parity. 

 

 

Table 44 Inter-individual CV% in minimum Feret's diameter: Means 

Inter-individual CV% in minimum 

Feret’s vessel diameter 

All women 23.0 

Normal BMI 26.0 

BMI ≥25 19.1 

Younger 16.6 

Older 21.3 

Nulliparous 25.9 

Multiparous 22.7 

Values are given as percentages. This is a measure of how much variation there is in the 

average minimum vessel diameter between women in each group. 
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7.4  DISCUSSION 

A summary of the quantitative data (mean ± SEM) describing vascular features of term 

myometrium is shown in Table 45.  

  

 

There are few data to which we can compare our findings. The vasculature of the 

endometrium has been described by Dockery et al. Measurements were calculated at 

various stages of the menstrual cycle, LV (vessels, endometrium)  ranged from ~300 - 

460 mm-2, radial diffusion distance was ~26 - 32µm and VV (vessels, endometrium) was 

~5.0 - 7.2 (Dockery P et al., 2000). This suggests that the vessels are smaller and more 

densely packed in the endometrium than in the myometrium. Studies by Aitken on 15 

myometrial samples from non-pregnant women that underwent hysterectomy for 

menorrhagia demonstrate a bimodal distribution of vessel cross section area 

corresponding to small capillaries and larger muscular vessels (Aitken et al., 2006).. 

More of these larger vessels were found in the outer myometrium as compared to the 

inner myometrium. The minimum cross-sectional diameter was also calculated by 

Aiken and supported this gradient of vessel sizes. However, the distribution of 

capillaries was uniform throughout the myometrium (Aitken et al., 2006).  

 

 

Table 45 Summary of vascular parameters 

 
All women  

Lv (vessel, tissue)  50.9 ± 4.3 mm-2 

Lv (vessel, SMC)  103.7 ± 11.2 mm-2 

rDiff (vessel, tissue)  83.8 ± 3.8 µm 

rDiff (vessel, SMC)  59.9 ± 3.0 µm 

Vv  (vessel, tissue) 0.06 ± 0.01 - 

Sv (vessel, tissue)  4.9 ± 0.4 mm-1 

Vessel diameter  32.0 ± 1.6 µm 

Vessel area  1.1 ± 0.2 mm2 

Minimum Feret's Diameter  23.96 ± 1.17 µm 
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The influencers of vascular remodelling include mechanical forces and endocrine and 

paracrine signals. There is evidence that hormone signals initiate circumferential 

remodelling in early pregnancy and fetal and local factors play a role in later 

pregnancy. E2 may stimulate vascular endothelial growth factor (VEGF) release from 

epithelial, fibroblast and smooth muscle cells (Herve et al., 2006). VEGF stimulates 

vascular endothelial cell dilation, proliferation and migration, encouraging 

vasculogenesis (Neufeld et al., 1999). Shear stress has been shown to stimulate an 

increase in vessel diameter possibly mediated by NO, which then decreases the shear 

forces due to the reduced blood velocity through the larger vessel (Pries et al., 2005). 

Other pathways implicated in this process include activation of MMPs, catecholamine 

stimulation, toll–like receptor and cytoskeletal signalling (Tronc et al., 2000; Erami et 

al., 2005; Hollestelle et al., 2004; Loufrani and Henrion, 2008). Shear forces, VEGF and 

estrogen can stimulate NO production by endothelial cells (Pustovrh et al., 2007). NO 

has been shown to stimulate vessel dilatation and circumferential vascular remodelling 

(Osol et al., 2009; van der Heijden et al., 2005). Estrogen, progesterone and NO also 

regulate MMPs which can alter ECM composition and thus mechanical properties of 

vessels (Grandas et al., 2009; Dumont et al., 2007). There is also evidence that the 

renin-angiotensin system which regulates blood pressure may be involved in vessel 

remodelling. Renin secreted by the kidney converts angiotensinogen to angiotensin I 

and this is converted to angiotensin II in the lungs, which then causes vasoconstriction 

and aldosterone secretion from the adrenal cortex to increase resorption of fluid in the 

kidney, raising blood pressure.  Alterations to this system by anti-angiotensin II 

antibodies or a high salt diet results in placental abnormalities and attenuated vessel 

growth (Osol and Mandala, 2009). 

 

In this study many parameters (LV (vessel, tissue), LV (vessel, SMC), radial diffusion 

distance, SV (vessel, tissue), VV (vessel, tissue), mean diameter and mean cross 

sectional area) were not significantly different between the BMI, age or parity groups. 

There was also a significant positive correlation of the LV (vessel, tissue) with age 

possibly indicating an increased length of vessel per unit volume in the older women.  
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This alteration was further probed by examining the minimum Feret’s diameter of 

individual vessels which, to allow digital image analysis, had a diameter >9µm and a 

circularity index of ≥ 0.4. The mean minimum Feret’s diameter was significantly larger 

in the older group compared to the younger group (P=0.009) and the distribution of 

vessel sizes (as measured by minimum Feret’s diameter) differed between the age 

groups (P < 0.01), further analysis suggests this is due to a smaller number of small (9-

19 µm diameter) vessels and a greater number of large vessels (27-56+ µm) in the 

older group compared to the younger group. Maternal age was also significantly 

positively correlated to the intra-individual coefficient of variation in minimum vessel 

diameter, i.e. the degree of variation in vessel size within each woman was increased 

in the older women, and age explained 18% of the variation in this parameter. The size 

and circularity limits excluded very small vessels (<9µm diameter) and most very large 

vessels (due to the circularity restrictions) from the analysis therefore the alterations 

observed in the older women are for a subset of vessels and not the total population 

of vessels. Our results suggest that, within this subset, there is greater diversification 

of vessel sizes with age and that vessel size increases with age. This effect is not 

necessarily due to a greater number of pregnancies as none of the parameters 

measured differed significantly between the nulliparous and multiparous groups.  

 

One of the limitations of this study is that we are making assumptions regarding 3D 

information based on 2D vessel profile data. The use of unbiased stereological 

techniques serves to reduce the errors that could arise from this type of analysis. 

Secondly, different vessel types could not be distinguished. The premyometrial vessels 

stained by our lectin may include arteries, arterioles, veins, venuoles, capillaries and 

lymphatics. Due to difficulties in the number of markers required to segregate these 

different categories of vessels and the controversy regarding the specificity of these 

markers a general vessel stain was used (Holthofer et al., 1982). Taking this factor into 

consideration, the increase in large vessels and decrease in small vessels observed in 

older mothers may represent a change in a specific category of vessels such as an 

increase in veins and/or arteries and a decrease in blood capillaries and/or lymphatic 

capillaries.  
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Although the presence of lymphatics in the endometrium is controversial, they have 

been observed in the myometrium and may represent 28% of vessel profiles in the 

myometrium from non-pregnant women (Koukourakis et al., 2005; Rogers et al., 

2008). This figure was determined using the blood vessel and lymphatic marker CD31 

and the specific lymphatic marker D2-40, and so may be may not be comparable to 

ours as the various blood vessel markers are known to stain different proportions of 

the total vessel number in various tissues (Rogers et al., 2008; Poncelet et al., 2004; 

Vailhe et al., 1999; Martin et al., 1997). One way to further explore the extent of the 

lymphatic circulation would be to combine UEA-I staining with a lymphatic 

endothelium-specific marker such as hyaluronan receptor (LYVE-1) or D2-40 (Banerji et 

al., 1999; Jackson, 2003; Rogers et al., 2008; Fallowfield and Cook, 1990). The 

lymphatic system performs immune functions and also drains excess extracellular 

fluid; this latter function is especially important in regions of inflammation and new 

vessel formation to resorb any resulting leakage (Baluk et al., 2005).  This may be the 

reason there is an increase in lymphatic vessel growth in the region of the placenta 

during pregnancy (Red-Horse, 2008).  

 

UEA-1 was also chosen because of the tendency of other makers (CD31, CD34)) to 

stain more non-vessel components of the uterine tissue or produce excessive 

background, which would impede automated image analysis (Lindenmayer and 

Miettinen, 1995; Poncelet et al., 2004). CD34 (hematopoietic progenitor cell antigen) 

was not considered as a marker as it has demonstrated an age-related decrease in the 

level of expression (unrelated to the quantity of vessels present) in the human eye 

when compared to UEA-I expression (Sohn et al., 2014).  

 

Age-related changes in human uterine vein morphology has been observed including 

matrix disorganisation and an increase in elastic and muscular content (Moreira et al., 

2008). Sclerotic changes have also been observed in the uterine (and other) arteries of 

the non–pregnant mare with age (Gruninger et al., 1998). Age-related increases in 

calcium, phosphorus and sodium levels in post mortem non-pregnant uterine arteries 

of Thai women may be related to these sclerotic changes (Ongkana et al., 2007; 
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Ongkana et al., 2008). The increased uterine artery vascular impedance in association 

with age (Pirhonen et al., 2005) may be due to an greater downstream resistance.  

This may be connected to age-related increases in the risk of vascular sclerosis, and 

infarcts (Naeye, 1983). The reduction in small vessels observed in this study may also 

offer an explanation for the possible greater vascular resistance. A decrease in 

vascularity could lead to clinical dysfunction via hypoxic effects on myometrial SMC. 

Myometrial hypoxia is associated with a decrease in pH and as a result a decrease in 

spontaneous and agonist-induced contractions; this effect is exaggerated if combined 

with repeated doses of oxytocin (Bugg et al., 2006; Harrison et al., 1994). Clinically, this 

would be an important factor to consider in the management of older mothers. 
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CHAPTER 8 ADIPOSITY RELATED ASPECTS I: LIPID 

DROPLETS IN THE TERM MYOMETRIUM 

8.1 INTRODUCTION 

This PhD had initially focused on elucidating any possible alterations in human term 

myometrium which may explain the obesity-related clinical dysfunction observed in 

obese parturients. Because of this, this chapter and the following, will investigate 

adiposity-related aspects: lipid content of SMC and leptin receptor expression and 

examine whether these aspects are altered with maternal BMI.  

Lipid droplets (LD) are spherical intracellular accumulations of hydrophobic 

triacylglycerol, diacylglycerol, cholesterol ester and other esters surrounded by a 

phospholipid monolayer which contains numerous proteins (Tauchi-Sato et al, 2002). 

These structures have also been called liposomes, lipid bodies, fat bodies, and 

adiposomes. In non-adipocyte cells, lipid droplets function in intracellular lipid 

homeostasis and other diverse cellular functions including storage, degradation and 

glycosylation of proteins, ER stress and infection (Farese and Walther, 2009; Wilfling et 

al., 2014; Ducharme and Bickel, 2008). In obesity there is an excess of lipid droplets 

(LDs) (Barba et al., 2009). Our hypothesis states that increased BMI may be associated 

with an increase in the number and/or volume of LD in the myometrium and this may 

adversely affect contractility of these cells. 

Barba demonstrated that LD in rat cardiomyocytes may sequester free fatty acids and 

Ca2+ ions. This may offer one hypothesis as to how increased LDs may affect 

contractility (Barba et al., 2009). The size of intracellular LD is also of functional 

relevance. He et al demonstrated that exercise did not decrease the total volume of LD 

in skeletal muscle but dispersed it into smaller droplets and that this correlated with 

increased aerobic fitness (He et al., 2004). The resulting alteration in the lipid: LD 

surface area ratio may affect the availability of the lipid to lipases.  
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Nile Red was used as a lipid stain in this study, this is a solvatochroic fluorescent lipid 

dye with an emission wavelength that depends on the polarity of the environment, in 

neutral lipids it fluoresces yellow-gold, in polar lipids it fluoresces red, and in aqueous 

media it is quenched. This characteristic allows the differentiation of neutral lipids 

(such as triglycerides found in intracellular lipid droplets) and polar solvents and lipids 

(such as phospholipids in the cell membrane) (Diaz et al., 2008).  

Our hypothesis states that there are differences in intracellular lipid quantities 

myometrium of obese women compared to women of normal BMI and that these 

contribute to the observed dysfunctional contraction of this tissue during parturition. 

 

8.2 METHODS 

8.2.1 VV of lipid droplets and the distribution of their volumes  

29 of the cohort of 30 biopsies used in chapter 3 and 4 were used for lipid droplet 

analysis (there was not enough tissue collected for 1 of the 30). Frozen sections as 

prepared in section 6.2.1 were stained with nile red. Sections were stained according 

to the following protocol (adapted from (Diaz et al., 2008)) 

 A 1 mg/ml stock solution of nile red stain was made up containing: 

  10 mg nile red 

  10 ml acetone 

 These were vortexed for 5 mins and stored at -80°C in the dark  

For the working solution 20 µl of the stock was diluted in 1980 µl of tris 

buffered saline to give a concentration of 20 µl/ml. 

 Sections were washed in TBS for 5 mins with gentle agitation 

 30 µl of the working stain solution was added to the section  

 Incubated in the dark for 5 mins 

 The section was coverslipped (without mountant) and imaged within 15 mins 

with a 60x oil immersion lens on a IX81 Olympus Fluoview laser scanning 

confocal microscope 
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 Nile red in a triglyceride environment absorb at 510nm and emit at 581nm, 

therefore they may be imaged with the standard microscope filter settings for 

FITC (488nm Argon excitation laser). Nile red in a phospholipid environment 

absorb at 553nm and emit at 637nm, this fluorescence can be imaged with the 

standard filter settings for TRITC (543nm green Helium-Neon excitation laser). 

Appropriate barrier filters were selected to prevent any cross over, some 

phospholipid signal could be seen the “green” triglyceride channel but this was 

not a issue due to the considerable difference in the intensity between the 

phospholipid and triglyceride signal in these images, allowing them to be easily 

separated by subsequent intensity thresholding. 

 Confocal stacks were captured in the 2 channels and imported into Volocity 

Improvision software for analysis 

Mountant was not used as it has been shown that the glycerol in most mountants 

causes fusion of lipid droplets (Fukumoto and Fujimoto, 2002). The fluorescent signal 

quenches relatively quickly so it must be imaged within an hour of staining. Two Slides 

were stained per biopsy and two confocal Z-stacks were captured per slide i.e. four 

stacks were measured per patient. The total volume of tissue and of lipid droplets was 

digitally measured using in-built 3D analysis functions of Volocity software which can 

segment and measure the volume of structures in a stack based on intensity. Tissue 

volume was measured from a stack image taken in the red channel with a long 

exposure time, revealing the paraformaldehyde autofluorescence emitted by the 

tissue. LD volume was digitally measured from the same stack in the green channel, 

particles of high green intensity underwent a watershed algorithm so that closely 

opposed droplets would appear as separate objects, and their volume was recorded. A 

separate image was produced which has a multi-coloured overlay mask of the particles 

which were measured (see Figure 80). Volumes of tissue and LDs were summed for 

each patient and VV (LD, tissue) was calculated as per Equation 26. The resolution limit 

for analysis was 0.053 µm3. 
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Figure 80 LD Analysis 

Panel A is a 

multichannel 

extended focus 

projection image of 

the stack showing LDs 

in green and tissue 

autofluorescence and 

polar lipids in red. We 

can see the mass of 

rough SR surrounding 

the darkened nuclei in 

the red channel due to 

the staining of RNA in 

the ribosomes. Panel 

B shows the green 

channel in isolation 

which was analysed 

using Volocity 

software to produce 

the image C which has 

highlighted the 

measured LD with 

various colours. 

 

 

 

 

 

 

 

Equation 26 VV (LD, Tissue) 

𝑽𝒗 (𝑳𝑫, 𝑻𝒊𝒔𝒔𝒖𝒆) =
𝑽𝒐𝒍𝒖𝐦𝒆 𝒐𝒇 𝑳𝑫

𝑽𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒕𝒐𝒕𝒂𝒍 𝒕𝒊𝒔𝒔𝒖𝒆
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Since we can assume (and see from the images) the LDs are contained within cells we 

can estimate VV (LD, cellular components of the tissue) easily from VV (ECM, tissue) 

measured in chapter 3. This allows us to normalise for differences in cellular tissue 

volume between women and estimate VV (LD, cellular tissue) as shown in Equation 27. 

 

 
 

The distribution of LD volumes was also examined, the individual LD volumes were 

grouped into 9 size categories and the percentage of the total number of LDs in each 

category was calculated for each patient. Size bins were not linear but were 

exponential multiples of the minimum resolution volume (0.053 µm3). The percentages 

in each bin were then compared with a chi-square test.  

A heat map of LD sizes was also prepared in Microsoft Excel, this was simply a table of 

the percentage of the total number of LDs in 13 bins, to which conditional formatting 

was applied to the table to show higher percentages as darker colours.   

 

8.3 RESULTS 

8.3.1 Clinical details 

29 women were included in the study (a subset of the 30 used in chapters 3 and 4). 

These women were split into a normal (n=15) and obese (n=14) group for comparisons 

of BMI. They were split into groups younger (n=14) and older (n=15) than the mean 

age of 32.7 yrs for the comparison of age. The nulliparous and multiparous women 

were also compared. The clinical data for these women and the groups are given in 

Table 46. 

There was no significant difference in age or parity between the BMI groups, nor in 

BMI or parity between the age groups. There was no difference in BMI between the 

parity groups although there was a difference in age (P=0.011). The P-values for these 

comparisons are given in Table 47. 

Equation 27 VV (LD, cellular tissue) 

𝑽𝒗 (𝑳𝑫, 𝑪𝒆𝒍𝒍𝒖𝒍𝒂𝒓 𝑻𝒊𝒔𝒔𝒖𝒆) =
𝑽𝑽 (𝑳𝑫, 𝒕𝒊𝒔𝒔𝒖𝒆)

𝟏 −  𝑽𝑽 (𝑬𝑪𝑴, 𝒕𝒊𝒔𝒔𝒖𝒆)
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Table 46 Clinical details for 29 women 

Clinical Detail All 

women 

Normal 

BMI 

Obese 

BMI 

Younger Older Nulli-

parous 

Multi-

parous 

n  29 15 14 14 15 8 21 

Gestation, 

weeks  

39,  39,  39,  39,  39, 39,  39,  

(median, range) 38-40 38-40 38-40 38-40  38-40 38-40 38-40 

BMI (mean, 

range) 

27.6, 

20.3-

38.3 

22.3, 

20.3-

24.7 

33.2, 

30.6-

38.3 

27.4, 

21.1-

36.2 

27.8, 

20.3-

38.3 

24.4,  

21.2-

32.8 

28.8, 

20.3-

38.3 

Age, years 

(mean, range 

32.7, 

18-45 

30.7, 

18-37 

34.9, 

23-45 

27.7, 

18-32 

37.3, 

33-45 

28,  

18-36 

34.5, 

23-45 

Parity (median, 

range) 

1, 0-3 1, 0-2 2, 0-3 1, 0-2 2, 0-3 0, 0-0 2, 1-3 

Nulliparous 8 6 2 6 2 8 0 

Parity=1 9 6 3 4 5 0 9 

Parity=2 11 3 8 4 7 0 11 

Parity=3 1 0 1 0 1 0 1 

Reasons for cesarean       

Previous 

cesarean 

17 5 12 6 11 0 17 

Breech 

Presentation 

9 9 0 6 3 6 3 

Poor obstetric 

history  

1 1 0 1 0 0 1 

Fetal 

hydrocephalous 

1 0 1 1 0 1 0 

Hypertension 1 0 1 0 1 1 0 
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8.3.2 Qualitative analysis  

A representative image can be seen in Figure 80, intracellular lipid droplets are seen as 

intense green punctate fluorescence  and phospholipids of the cell membrane are 

observed as a red membrane associated fluoresce. Large defined areas of the 

intracellular space also exhibit red fluorescence, this may represent the phospholipid 

bilayer of the SR. 

 

8.3.3 VV (LD, tissue) and VV (LD, cellular tissue) 

8.3.3.1 Group comparisons 

The mean VV (LD, tissue) and VV (LD, cellular tissue) (±SEM) for each group are given in 

Table 48. There was no difference in either parameter between the BMI or age groups, 

the parity groups could not be compared, these data are demonstrated graphically in 

Figure 81 and Table 48. There were no significant differences between the groups. 

 

Table 47 Maternal characteristics of the groups: P-values 

 BMI Age Parity 

Normal v Obese BMI <0.05 0.075 0.20 

Younger v Older 0.879 <0.05 0.109 

Nulliparous v Multiparous 0.075 0.011 <0.05 

Parity was compared with a Fisher’s exact test.  
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Figure 81 VV (LD, tissue) and VV (LD, cellular 

tissue) 

These graphs demonstrate the volume 

fractions of LD relative to total tissue (A) 

and cellular tissue (B). The parity groups 

could not be compared. There were no 

significant differences between the other 

groups.  

 

 

 

 

 

 

 

 

 

 

Table 48 VV (LD, tissue) and VV (LD, cellular tissue): Means and P-values 

  VV (LD, tissue) VV (LD, cellular tissue) 

All women 0.0006 ±  0.0001 0.0008 ±  0.0001 

Normal BMI 0.0004 ±  0.0001 0.0006 ±  0.0001 

Obese 0.0007 ±  0.0002 0.0010 ±  0.0003 

P-value 0.101 0.160 

Younger 0.0005 ±  0.0001 0.0007 ±  0.0001 

Older 0.0007 ±  0.0002 0.0009 ±  0.0002 

P-value 0.470 0.550 

Nulliparous 0.0006 ±  0.0001 0.0010 ±  0.0001 

Multiparous 0.0005 ±  0.0001 0.0008 ±  0.0002 

P-value * * 

The mean ± SEM and P-values of the comparison tests are shown for each groups. * The 

parity groups could not be compared as the data was non-parametric and heteroscedastic. 

There were no significant differences between the groups. 
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8.3.3.2 Correlation 

There was no significant correlation between VV (LD, tissue) and VV (LD, cellular tissue) 

and the maternal characteristics of BMI, age or parity. These data are shown in Figure 

82 and Table 49. 

 

Figure 82 VV of LD and maternal characteristics 

Spearman’s correlation coefficient showed no significant correlation of maternal 

BMI, age or parity with VV (LD, tissue) or VV (LD, cellular tissue). 
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Table 49 VV LD: Correlation test P-values 

  
VV (LD, tissue) VV (LD, cellular tissue) 

BMI rs 0.267 0.2433 

 
P 0.162 0.203 

Age rs -0.03187 -0.06325 

 
P 0.870 0.745 

Parity rs -0.1059 -0.1741 

 
P 0.584 0.366 

The table shows the Spearman’s coefficient of correlation (rs) and P-values for the 2-tailed 

Spearman’s rank correlation. There were no significant correlations observed. 
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8.3.4 Distribution of 
droplet volumes 

The distribution of the sizes of LDs 

was also considered. Individual LD 

volumes were grouped into 9 size 

categories and the proportion of 

the total number of LDs in each bin 

was analysed. The groups were 

compared with a chi squared test 

and were not found to be 

significantly different.  These data 

are shown graphically in Figure 83. 

 

 

Figure 83 LD volume distribution 

The distribution of LD volumes 

into 9 size bins is shown for each 

group. 

The mean percentage of the 

total number of LD in each size 

bin for each group is shown. The 

group were compared with a chi 

square test and no significant 

difference was detected for BMI 

(P>0.995), age (P>0.995) or 

parity (P>0.995) (df=8). 

The total number of LD counted 

and mean LD volume for each 

group are given in Table 50, 

there were no significant 

differences in mean LD volume 

between the groups.  
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We also looked at the variation in LD volumes within individual women and in groups. 

We calculated the intra-individual coefficient of variation (CV%) for each woman by 

dividing the standard deviation in LD volume by the mean LD volume from that woman 

and multiplying by 100. The mean ± SEM intra-individual CV% for each group is given in 

Table 50. This was quite high (446.3 ± 70.2%, n=29) due to the large spread of LD 

volumes. There was no significant difference in the intra-individual CV% in LD volumes 

between the BMI, age or parity groups, this is also shown graphically in Figure 84. We 

can see from the graph that 5 individuals had considerably more variation in LD 

volume that the rest of the women. 

 

 

Table 50 Intra-individual CV% in LD volume and mean LD volume: Means 

and P-values 

  
Number of LDs 

counted 
LD volume CV%  

All women 48720 1.4 ± 0.2 446.3 ± 70.2 

Normal BMI 16240 1.4 ± 0.2 465.5 ± 97.0 

Obese 32480 1.5 ± 0.3 425.6 ± 105.1 

P-value - 0.829 0.633 

Younger 16274 1.6 ± 0.4 560.2 ± 124.6 

Older 32446 1.3 ± 0.2 339.9 ± 62.5 

P-value - 0.611 0.123 

Nulliparous 13279 1.2 ± 0.2 357.0 ± 93.4 

Multiparous 35441 1.5 ± 0.3 480.3 ± 90.3 

P-value - 0.881 0.575 

The total number of LDs assessed for each group is shown. The mean ± SEM and P-

values of the comparison tests are shown for LD volume and for the intra-individual 

coefficient of variation (CV%) in LD volumes. LD volume is given in µm3. 
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Figure 84 Intra-individual CV% in LD volume 

Each point represents a single patient. The intra-individual variation (CV%) in LD 

volumes is shown for each woman, i.e. the variation within that woman. 

 

 

CV% was also calculated from the average group LD volume and standard deviations to 

give an average inter-individual CV% for each group; this indicates the variation in the 

mean LD volume between women in each group. These are detailed in Table 52. We 

can see that there is considerable variation in the average LD volumes between 

women (76.3%, n=29). 
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 Table 51 Intra-individual CV% in LD volume: Correlation test P-values 

Intra-individual CV% in LD volumes 

BMI rs -0.152 

 
P 0.431 

Age rs -0.294 

 
P 0.122 

Parity rs 0.057 

 
P 0.768 

Spearman’s ranks correlation coefficient (rs) and P-values for the 2-tailed Spearmans 

rank correlation. There was no significant correlation of intra-individual CV% LD volumes 

with maternal BMI, age and parity. 
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A final measure to assess the distribution of LD volumes was the generation of a heat 

map, this is shown in Figure 85. The percentage of the total number of LDs measured 

for each woman falling into each of 13 size bins was tabulated and colour-coded in 

relation to the magnitude of that percentage. The darker colours correlate to a higher 

percentage. From the heat map we can see that there are a high proportion of LDs 

falling within the 0-0.053 µm3 volume range. There are no obvious trends in volume 

distribution when the women are arranged in order of increasing BMI, age or parity. 

Table 52 Inter-individual CV% in LD volumes: Means 

Inter-individual CV% in LD Volume 

All women 76.3 

Normal BMI 66.0 

Obese 86.9 

Younger 83.9 

Older 65.7 

Nulliparous 51.7 

Multiparous 81.8 

Values are given as percentages. This is a measure of how much variation there is in the 

average LD volume between women in each group. 
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Figure 85 Heat map of LD volume distribution 

The percentage of the total number of LD that fall within each size bin is 

indicated by a colour, darker colours correlate to a higher percentage. No 

obvious pattern as a result of maternal BMI, age or parity can be seen. 
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8.4 DISCUSSION 

In this study, we have assessed the volume fraction and size of intracellular lipid 

droplets in normal and obese gravid myometrium using a nile red stain. LDs were 

observed clustered in areas of the SMC cytoplasm and also within vascular cells. The 

parameters assessed were, the volume fraction of LD in tissue and the volume fraction 

normalised to account for the proportion of cellular tissue, the mean LD volume, the 

distribution of LD volumes, and the intra and inter-individual variation in LD volumes. 

No significant differences were observed between the two BMI groups suggesting the 

observed dysfunction of obese myometrium is not due to differences in intracellular 

lipid content. There was also no observed effect of maternal age or parity on the 

measured parameters. Furthermore, there was no significant difference when we 

compared the VV (LD, cellular tissue) from a morbidly obese subgroup (BMI ≥35, n=4) 

to that of the normal BMI group (P=0.250). 

 

In the current model of LD biogenesis, neutral lipid accumulates between the layers of 

the SR lipid bilayer and then “buds off” the SR membrane to form droplets surrounded 

by a lipid monolayer composed of the former cytoplasmic face of the SR 

bilayer(Ducharme and Bickel, 2008; Wilfling et al., 2014). The composition of this LD 

envelop is variable and is a major influencer of LD size and function (Fei et al., 2011a; 

Penno et al., 2013). LDs can incorporate more lipid or fuse with other LD to increase in 

size. A smaller LD size would allow more efficient lipolysis but the lowest energy state 

would favour a single large intracellular droplet such as that in adipocytes, therefore 

there are thought to be differences in the composition of the membrane of small 

droplets which resist fusion (Fei et al., 2011b). The processes behind LD biogenesis and 

regulation of LD size are poorly understood. We can conclude that, at least in 

myometrial SMC, these factors are not influenced by the level of whole body adiposity 

or age.  
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The intra-individual variation in LD volume was quite large (446 ± 70%, n=29) i.e. there 

is a large range of LD sizes within a sample. From Figure 84 we can see that a subset of 

5 patients exhibit a much higher intra-individual variation than the rest, the reason for 

this increased variation is not known but it was not attributable to maternal BMI, age 

or parity. 

 

The lipid inclusions observed in this study may also include neutral lipid-rich residual 

bodies, endocytosis-derived structures that represent a latter stage in the life cycle of 

lysosomes. The build-up of lipid in these structures may be due to the slower digestion 

of lipids compared to other macromolecules and delayed exit of lipids from the 

lysosome. These structures have been observed in non-pregnant human myometrium 

and their frequency was found to correlate to the woman’s age (Yamazaki et al., 1993). 

We found no such association but this may be due to a dilution effect whereby the lack 

of changes in lipid droplets is obscuring possible changes in lipid-rich residual body 

morphology. 

 

Although myometrial SMC intracellular lipid is unchanged in obesity, it is thought that 

other fat deposits may play a role in obesity-related uterine dysfunction. Adipose 

tissue associated with blood vessels adventitia, known as perivascular adipose tissue 

(PVAT), can be seen around the great vessels as well as around large vessels supplying 

organs. These deposits secrete metabolically active substances or “adipokines” which 

are thought to have a local regulatory effect on vessels. In obesity, PVAT levels 

increase (Lehman et al., 2010) and this is associated with increased secretion of pro-

inflammatory cytokines by PVAT and vascular dysfunction (Britton and Fox, 2011). 

Some suggest that the obesity-related contractility impairment observed in 

myometrial arteries may be mediated by PVAT-derived adipokines (Hayward et al., 

2014). 
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Other fat deposits are increased in obesity and may secrete higher levels of adipokines, 

several of these, namely leptin and apelin have been shown to have an inhibitory 

effect on myometrial function (Moynihan et al., 2006; Hehir and Morrison, 2012a; 

Hehir et al., 2008a). This suggests a possible physiological inhibition of contractility 

which may explain maternal obesity-related dysfunction in labor. In the following 

chapter we will explore this topic further and determine whether leptin receptors are 

present on the human term myometrium. 

In conclusion, despite the apparently different functional characteristics of human 

myometrium in obese BMI women, in comparison to normal BMI women, the volume 

and size distribution of LDs does not vary in the myometrium from both of these 

groups. This suggests the dysfunction of obese myometrium is caused by other 

morphological or endocrine alterations. 
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CHAPTER 9 ADIPOSITY RELATED ASPECTS II: LEPTIN 

RECEPTORS IN THE TERM MYOMETRIUM 

 

9.1 INTRODUCTION 

Further to our investigation of structural alterations associated with maternal obesity 

we have assessed the expression of leptin receptors (OBR) in the term myometrium. 

Leptin is an adipokine elevated in obese pregnancy and an inhibitor of in vitro 

myometrial contractility (Moynihan et al., 2006). We have examined whether these 

receptors are altered with respect to maternal BMI age or parity. Leptin is a peptide 

adipokine encoded by the obesity (ob) gene which is found in the body at levels 

concordant with adiposity levels. Leptin levels provide the hypothalamus a marker of 

the levels of fat storage influencing food intake and energy expenditure (Sweeney, 

2002). Leptin is now known to be secreted by peripheral tissues and have a myriad of 

other regulatory functions including roles in ovary and embryo development and 

implantation (Domali and Messinis, 2002). 

 

The leptin receptor (OBR) is a member of the class I cytokine receptor family and is 

encoded by the diabetes (db) gene. At least six isoforms (OBRa-f) exist. OBRe, the 

“soluble form” generated by proteolytic cleavage of membrane bound forms, lacks a 

transmembrane and intracellular domain, binds to leptin in the blood and thus may 

mediate leptin bioavailability (Lammert et al., 2001). The other five isoforms possess 

identical extracellular and transmembrane domains and differ in their intracellular 

domains. OBRb, the “long form” possesses a long intracellular domain and the four 

“short forms” OBRa, c, d and f have short intracellular domains. OBRa represents the 

major form in peripheral tissues (Sweeney, 2002).  
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It is known that OBR are expressed in myometrial SMC and myometrial blood vessels 

from non-pregnant women (Markowska et al., 2005) and that long and short isoforms 

are expressed in myometrial cells from pregnant women (Wendremaire et al., 2011), 

but whether the levels of these receptors are modulated by maternal BMI, age or 

parity is not known. 

All isoforms except OBRe are thought to be capable of signalling activity and possess a 

Box 1 Janus-family tyrosine kinase (JAK) binding domain (OBRb also contains a Box2 

motif and signal transducers and activators of transcription (STAT) binding sites) 

(Sweeney, 2002). OBR is known to activate MAPK (ERK1/2 and mitogen-activated 

protein kinase (p38MAPK)) JAK/STAT (OBRb only), and phosphatidylinositol-3-kinase 

(PI3K)/AKT (Cui et al., 2006) leptin may also affect Src-like homology 2 domain in 

tyrosine phosphatases (SHP-2), suppressors of cytokine signalling (SOCS), protein 

kinase B, cAMP, PKC, insulin receptor substrate proteins, NO, RhoGTPases, PLC, voltage 

gated Ca2+ channels, NF- κB, AMP-dependant kinase and reactive oxygen species 

(Sweeney, 2002; Doherty et al., 2008; Cota et al., 2006) 

Pregnancy is associated with elevated leptin levels due to release from adipose tissue 

and the placenta (Noureldeen et al., 2014; Boyadzhieva et al., 2013; Considine et al., 

1996) and in obese pregnancy this is elevated further due to release from adipose 

tissue specifically (Callegari et al., 2014; Farley et al., 2010). Acute in vitro exposure of 

myometrium to leptin inhibits spontaneous and OT-induced contractions (Moynihan et 

al., 2006) suggesting it may play a role in the dysfunctional contractility and labour of 

obese mothers. 

We will also assess any effect of maternal age and parity on pregnant myometrial OBR 

expression, there are no data in the literature have assessed this. Whether age affects 

leptin or OBR levels or signalling is unclear. In Wistar rats, aging is associated with 

higher adiposity and serum leptin levels, despite this food intake was increased in 

older mice suggesting leptin resistance in the hypothalamus (Fernandez-Galaz et al., 

2001). A study of 470 people demonstrated an independent positive effect of BMI and 

an inverse effect of age (18-77yrs) on leptin levels in obese and non-obese subjects 

(Isidori et al., 2000). A study of 204 participants found serum leptin levels inversely 

correlated with age (Ostlund et al., 1996).  
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Reduced levels of leptin with increasing age (independent of adiposity) was also 

observed by Schautz et al but only in women participants (Schautz et al., 2012). Other 

studies have reported no effect of age (Sinha and Caro, 1998), in one study of 676 

women there was no correlation between serum leptin and age (20-80yrs), when 

adjusted for BMI (Zhong et al., 2005) suggesting age-related leptin increases observed 

were dependant on BMI.  

Our hypothesis states that there may be altered expression of the OBR in myometrium 

in relation to the maternal BMI, any effects of maternal age and parity will also be 

examined. 

 

9.2 METHODS 

9.2.1 Vv Leptin receptor 

Tissue was acquired from 30 women as described in section 3.2.1 and frozen as 

described in section 3.2.4. These were the same 30 samples described in Table 10. The 

7 µm sections were then immunofluorescently stained for the OBR. The OBR antibody 

used is specific for the C-terminus of the short form of the OBR, which means it will 

stain the short and long isoforms of the receptor. The antibody was optimised by trial 

of various antibody concentrations and incubation conditions, several antigen retrieval 

(sodium citrate buffer, Tris-EDTA buffer, protease treatment ) and blocking methods 

(bovine serum albumin, powerblock, mild powder) were tested and the most 

successful method was used. Washes were performed with TBS 0.1% triton-x100. 

Batches containing equal numbers of obese and normal BMI samples were stained as 

follows: 

 Sections were washed for 5 mins in TBS 0.1% triton-x100 with gentle agitation 

 Antigen retrieval was carried out by placing sections in a pre-heated trough of 

0.01 M sodium citrate buffer in a steamer at 98°C for 20 mins 

 Sections were cooled in sodium citrate buffer for 15 mins 

 Washed 3 x 5min  



Chapter 9 Adiposity related aspects II: Leptin receptors in the term myometrium 

 

220 

 

 Slides were blocked with 5% normal goat serum and 10% Powerblock solution 

(BioGenex Laboratories, HK085-5KE) diluted in TBS 0.1% triton x-100 for 1 hr at 

RT.  

 100 µl of rabbit polyclonal antibody  (OB-R (M-18 ):sc-1834-R, Santa Cruz 

Biotechnology diluted 1/50 in blocking solution was applied to each slide and 

incubated overnight at 4°C. 

 Washed 3 x 5 min  

 Subsequent steps were carried out in the dark.  

 100 µl of goat anti-rabbit Alexa Fluor 488 (Invitrogen, 11034) diluted 1/100 in 

blocking solution was added to each slide for 90 mins at RT.  

 Washed 3 x 5 mins 

 Nuclei were counterstained with 100 µl of hoechst-33342 (Invitrogen, H3570, 

1/2000) diluted in TBS which was applied for 15 mins 

 Washed 3 x 5 min  

 Slides were mounted with Cytomation mounting medium (Dako, 53023) and 

stored at 4°C 

 A negative control was included in 

each set in which blocking solution 

was substituted instead of the 

primary antibody solution, see 

figure Figure 86. 

 

Figure 86 Immunofluorescent 

staining for the leptin receptor: 

negative control 

Panel A shows a section stained for the 

leptin receptor, panel B shows a 

corresponding tissue section stained in 

the same way but with the omission of 

the primary antibody. No non-specific 

staining could be observed. 
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 3 staining experiments were performed (so 3 slides were stained per patient) 

 1-2 Z-stacks (0.5 µm step) were captured from each slide with a x40 objective 

attached to an Olympus structured illumination microscope  

 10-20 in-focus planes of the z-stack were then analysed with ImageJ software 

using the macro in section 1.9.5. This consisted of using an intensity threshold 

to select the positively stained areas and counting selected pixels. A second 

wider threshold was then used to count all tissue pixels due to slight 

paraformaldehyde autofluorescence. 30-120 image planes were analysed per 

patient. Only the green channel representing OBR staining was used for 

quantification. 

 10-20 image planes from each stack were measured and averaged. The 

averages from each stack taken from a 

patient were then averaged to give the 

final VV for that patient (Howard and 

Reed, 1998a). We also calculated VV 

(OBR, cellular tissue) using a method 

similar to that described in section 6.4. 

 

Figure 87 Method of leptin receptor 

analysis 

The raw image is shown in panel A. This 

was imported into ImageJ and a user 

defined macro was applied. The image was 

converted to greyscale and a thresholded 

applied to select total tissue fluorescence 

(which can be seen in panel B). This process 

was repeated with a second threshold to to 

select FITC stained areas (these can be seen 

in panel C). The pixels in each image were 

counted and the number of pixels of 

positively stained tissue was expressed as a 

fraction of total tissue pixel count to 

estimate VV (OBR, tissue). 
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9.3 RESULTS 

9.3.1 Clinical details 

The clinical details of the 30 women used in this study are given in Table 10. 

9.3.2 Qualitative analysis 

The antibody which recognises both long and short forms of the leptin receptor 

appeared to mark the cell membrane of myometrial SMC and defined intracellular 

areas. 

 

Figure 88 Leptin receptor staining 

The image shows an extended focus through a Z stack captured with a structured 

light microscope. We can see cross sectioned myocytes with Hoechst stained 

nuclei (blue) and FITC labelled anti-OBR antibody staining the cell membrane. 

Positive OBR staining can be seen at the SMC membrane and intracellularly. 
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9.3.3 VV (OBR, tissue) and VV (OBR cellular tissue) 

The mean ± SEM VV (OBR, tissue) and VV (OBR, cellular tissue) for each of the groups 

and the P-values of the comparison tests are given in Table 53 and shown graphically 

in Figure 89. The younger groups had a significantly higher VV (OBR, tissue) than the 

older group (P=0.021). This remained true when we accounted for the amount of 

cellular tissue present by calculating VV (OBR, cellular tissue) (P=0.013). This decrease 

is illustrated in Figure 90.   

 

 

Table 53 VV OBR: Means and P-values 

  VV (OBR, tissue) VV (OBR, cellular tissue) 

All 0.04 ± 0.002 0.059 ± 0.003 

Normal BMI 0.041 ± 0.003 0.062 ± 0.005 

Obese BMI 0.039 ± 0.003 0.055 ± 0.005 

P-value 0.593 0.319 

Younger 0.045 ± 0.003 0.068 ± 0.005 

Older 0.036 ± 0.003 0.051 ± 0.004 

P-value 0.021 0.013 

Nulliparous 0.04 ± 0.006 0.06 ± 0.009 

Multiparous 0.04 ± 0.002 0.059 ± 0.004 

P-value 0.957 0.270 

VV (OBR, tissue): this is the volume fraction of the leptin receptor in myometrial tissue. 

VV (OBR, cellular tissue): this is the volume fraction of the leptin receptor in the cellular 

component of the myometrial tissue. There was significantly less in the older group as 

compared to the younger group for both measures.  
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Figure 89 VV (OBR, tissue) and VV (OBR, cellular tissue) 

There was a significant reduction in VV (OBR, tissue) and VV (OBR, cellular tissue) 

in the older group compared to the younger group. 
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Figure 90 Decreased VV(leptin receptor, tissue) in the older myometrium 

Panel A shows myometrium from a 23 year old woman and panel B shows 

myometrium from 45 year old woman. We can see there is less positive staining for 

the leptin receptor in the older myometrium. 

 

9.3.4 Correlation 

Data were normal therefore Pearson’s correlation coefficient was calculated to 

examine any relationship with the maternal characteristics. There was a significant 

negative correlation with maternal age (P=0.045), and it was revealed that 15% of the 

variation in VV (OBR, tissue) was associated with age. The correlation of VV (OBR, 

cellular tissue) was almost significantly inversely correlated with age (P=0.053). There 

was no significant correlation of VV (OBR, tissue) with BMI or parity. This is shown 

graphically in Figure 91 and in Table 54. 
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Figure 91 VV OBR and maternal characteristics 

There is a significant inverse correlation of maternal BMI and of VV (OBR, tissue) 

(P=0.045), the inverse correlation of VV (OBR, cellular tissue) was nearing 

significance at P=0.053. 
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Table 54 VV OBR: Correlation test P-values 

    VV (OBR, tissue) VV (OBR, cellular tissue) 

BMI r2 0.37 1.86 

 
P 0.763 0.473 

Age r2 15.16 12.74 

 
P 0.045 0.053 

Parity r2 0.27 0.69 

 
P 0.802 0.667 

Pearson’s correlation tests r2 are reported for the VV (OBR, tissue) data. 

Significant relationships are in bold text. 

P=0.045 

P=0.053 
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9.4 DISCUSSION 

Pregnant term human myometrium does express OBR both at the membrane and 

intracellularly. We found a 22% decrease in expression in the older group compared to 

the younger group (P=0.021). This remained true (24%) when we accounted for the 

amount of cellular tissue present by calculating VV (OBR, cellular tissue) (P=0.013).  The 

inverse correlation of VV (OBR, tissue) and age was significant at P=0.045. We found no 

change in OBR expression associated with maternal BMI or parity.  

The unexpected reduction in OBR levels observed in the older group has few 

precedents in the literature. Roszkowska-Gancarz et al report a decrease in OBRa 

expression and no change in OBRb expression in peripheral blood mononuclear cells in 

an older group (average age ~60yrs) compared to a younger group (average age 

~26yrs), and this effect was more pronounced in women (Roszkowska-Gancarz et al., 

2014). The mechanism behind this is not known but probably does not involve 

hypermethylation of the OBR promoter as methylation was not observed to change 

with age (Roszkowska-Gancarz et al., 2014). The effects of decreased OBR expression 

on myometrial activity may affect signalling or perhaps levels of OBRe production as 

OBRe is produced from membrane bound forms. Decreased levels of OBRe would 

result in more free circulating leptin which may exhort an inhibitory effect on 

myometrial contractility.  

 

The antibody used in this study was specific for the C-terminus of the short form of the 

OBR, thus it would recognise both short and long forms of the receptor. Whether there 

are alterations in specific isoform expression in association with maternal 

characteristics is not known and may be worth examining. This could be done by 

carrying out western blotting on tissue samples, isoforms may then be identified by 

their weight.   
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In vitro studies suggest that OBR is mainly localised to intracellular compartments with 

only 5-25% of receptor bound to membrane (Barr et al., 1999; Belouzard et al., 2004). 

We observed positive staining at the cell membrane and intracellularly. The degree of 

down-regulation in response to prolonged leptin exposure is isoform specific (Barr et 

al., 1999). Down-regulation can occur via endocytosis of membrane-bound receptor 

and retention in the synthetic pathway (Belouzard et al., 2004). An examination of the 

ratio of membrane bound and intracellular pools of OBR may highlight differences due 

to the maternal clinical characteristics considered in this study. 

Hyperleptinaemia of pregnancy may induce increased OBRe and down-regulation of 

OBRb in the hypothalamus in the rat thus attenuating leptin appetite inhibition, this 

may be a mechanism to meet increased nutritional demands of pregnancy (Tessier et 

al., 2013). The inhibitory effect of increased leptin levels on myometrial tissue 

observed in vitro may possibly be attenuated in vivo by increased levels of OBRe in 

pregnancy which bind to leptin and prevent interaction with signalling isoforms. OBRe 

levels increase in rodents and human pregnancy (Castracane and Henson, 2006). A 

feedback mechanism whereby increased placenta-derived OBRe binds to leptin 

delaying leptin clearance or decreasing leptin signalling, leading to an increase in leptin 

secretion (Gavrilova et al., 1997; Lammert et al., 2002) may explain the 

hyperleptinaemia of pregnancy. This OBRe produced in pregnancy is differentially 

glycosylated compared to the non-pregnant form although the significance of this is 

not known (Lammert et al., 2002). Leptin and OBRe are also increased in human 

pregnancy (Lewandowski et al., 1999) possibly mediated by increased insulin, E2 and 

hCG (Chan et al., 2002; Maymó et al., 2009). But importantly free leptin levels were not 

elevated when measured at 20 and 30 wks gestation suggesting OBRe is secreted at a 

level to compensate for increased leptin and keep free leptin levels constant 

(Lewandowski et al., 1999).  
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The sequestration of leptin by OBRe may also explain the lack of feedback-mediated 

down-regulation of the membrane bound OBRs in the obese women in this study. 

Other adipokines have demonstrated inhibitory effects on myometrial contractility 

such as apelin (Hehir and Morrison, 2012b), ghrelin (Hehir et al., 2008b) and visfatin 

(Mumtaz et al., 2012) the increased levels of which in obesity may underlie the 

obesity-related dysfunctions of labour. 

The down-regulation of OBR with increased maternal age is an interesting avenue for 

investigation of the obstetric dysfunction of older mothers. If reduced OBR expression 

resulted in reduced OBRe, due to less production by cleavage of membrane bound 

isoforms, then this could result in more free leptin and hence leptin-induced inhibition 

of myometrial contraction. The degree to which this reduction in OBR expression 

applies to OBRb is important to determine if it is sufficient to also affect leptin-

mediated inhibition. 

Another mechanism by which leptin may affect myometrial contractility is via its 

effects on the calcium sensitisation pathway. Leptin receptor deficient (heterozygous 

db/+) mice exhibit an altered ROCK component of myometrial contraction compared 

to wild type mice; an increased component in the non-pregnant state (coupled with 

increased ROCK levels) and a decreased component in the pregnant state (coupled 

with decreased ROCK levels). Despite this increase in the latter state, similar levels of 

contraction were observed when compared wild type mice suggesting a compensatory 

mechanism is at play in the mouse (Harrod et al., 2011). There is further evidence of 

reduced ROCK levels in older (>35 yrs) pregnant women (P=0.08) (O'Brien et al., 2013) 

which may affect the generation of tonic contractions. This aspect of OBR signalling 

may be relevant to age-related obstetric dysfunction and it may be useful to examine 

what component of the contraction in myometrium from older pregnant women is 

mediated by RhoA/ROCK.  

In vitro studies of contractility of term myometrium from older mothers did not find 

any deficit compared to younger mothers, although an age-related deficit was 

observed in non-pregnant tissue (Arrowsmith et al., 2012). This may suggest that the 

obstetric dysfunction of older pregnancy is not an issue with the myometrial structure 

but perhaps a global physiological one, leptin is a potential candidate that could 
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mediate this inhibition. An assessment of the effect of leptin on the contractility of 

older myometrium would indicate whether decreased OBR expression leads to less 

potent leptin-mediated inhibition of contractions (this schema is outlined in Figure 92). 

In vitro studies would also remove the confounding effect of OBRe levels which would 

sequester leptin, indeed examination of OBRe and free leptin levels in sera from older 

mothers may also prove interesting.  
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Figure 92 Concept of age-related leptin inhibition 

This schema outlines the possible mechanism by which decreased leptin receptor 

expression in myometrium from older mothers may lead to inhibition of 

contractile activity.  
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CHAPTER 10 GENERAL DISCUSSION AND CONCLUSIONS 

The first major aim of this thesis was to describe aspects of the anatomy of human 

myometrium at term before labour. Lower uterine segment myometrial tissue was 

used for this analysis for ethical and practical reasons. The second major aim was to 

examine any effect of maternal BMI or age on the measured morphological 

parameters. The reason for this was to explore a possible structural basis for the 

obstetric dysfunction observed in mothers of obese BMI or advanced age, two 

circumstances which are becoming increasingly more prevalent in modern obstetrics.  

 

10.1 ANATOMICAL CONSIDERATIONS FOR IN VITRO STUDIES 

Much of the in vitro data which indicates an inhibitory effect of high maternal BMI 

(Zhang et al., 2007; Moynihan et al., 2006; Hehir et al., 2008a) and age (Arrowsmith et 

al., 2012) on myometrial contractility involves the use of manually dissected tissue 

strips from the lower uterine segment. It was unknown to what extent the muscle 

content and orientation of these strips affects their contractile ability. In chapter two 

we have made several important points regarding the use of these strips.  

Manual dissection results in non-uniform strip size. Strips were found to vary 

significantly in terms of cross sectional area despite attempts at uniformity. This 

suggests that in situations where uniformity is paramount, a guide or automated tool 

such as a vibratome should be employed. A device described by Kelley and Abt which 

consisted of a scalpel with two blades separated by 3 mm and allows the cutting of 

strips of a consistent thickness, as least in one dimension (Kelley and Abt, 1993). As far 

as we are aware, instruments such as these are not widely utilised, it would be 

interesting to explore whether their use would ameliorate the size inconsistency 

observed in our study. Alternatively the use of single intact smooth muscle cells and 
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microscopy would bypass these issues, although there may be functionally relevant 

effects due to the loss of the extracellular matrix, telocytes, vasculature and other 

tissue environment factors. 

Interestingly, normalisation for the volume fraction of muscle in the strips and the 

orientation of the muscle fibres was found to not appreciably reduce the variation in 

the maximum amplitude of contraction generated by the strips.  This suggests that 

other factors are at play that are more important influencers of contraction. This 

provides validation for the use of manually dissected strips, which may have 

inconsistent composition or sizes, at least in contractility experiments. 

Superficial gross examination of biopsies is not a reliable estimate of fibre orientation 

in the strip. A uniform random approach to strip orientation may be a preferable 

option as relying on the orientation of superficial fibres does not necessarily lead to a 

strip with the majority of fibres running in that direction.  

A high variation was observed in the force generated by strips, even between strips 

from the same donor. Therefore, for reliable data, measurements should be made on a 

large number of strips for each patient. Normalisation of contraction to the KCL 

response of each strip serves as a better control than normalisation to muscle content 

or orientation. Perhaps differences in these aspects explain the directly conflicting 

results of two publications regarding the effect of maternal BMI on myometrial 

contractility (Zhang et al., 2007; Higgins et al., 2010).  

In vitro experiments may result in altered morphology. The proportion of lower 

segment myometrium composed of muscle, extracellular matrix and other tissue is 

described in chapter three. Discrepancies between these results and those of the strips 

used in chapter two indicate that strips that have been used for in vitro studies may 

not provide reliable morphological data, possibly due to the rigors of the tissue bath 

conditions. In the remaining chapters we have examined biopsies which were fixed 

following collection to accurately assess myometrial anatomy. 
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All of the pregnant biopsies used in this thesis were excised from the upper margin of 

the lower uterine segment during elective (not in labour) Caesarean section. A possible 

limitation of this thesis is that biopsies may not be representative of the anatomy of 

the myometrium as a whole. We found that the LUS muscle content (65%) is 

comparable to values reported for the corpus (Schwalm and Dubrauszky, 1966). This 

result provides some degree of validation for the use of lower uterine segment tissue 

in research. The lower uterine segment is a common site for biopsy excision as it is 

accessible during Caesarean section and because there are ethical and legal barriers to 

the collection of upper uterine segment biopsies. There is further evidence that tissue 

from the upper and lower uterine segments may be similar in terms of morphology 

and function. Luckas and Wray (2000b) found no difference in spontaneous, oxytocin-

induced and high potassium-induced contractility of upper and lower segment 

myometrium biopsied from 15 women, they also found no difference between the 

proportion of contractile elements in the upper and lower segment tissue (Luckas and 

Wray, 2000b). Word et al. (1993a) also found no differences in oxytocin and potassium 

chloride induced contractility of fundal and lower segment myometrium, nor in the 

proportion of muscle in the myometrial strips used. A second limitation of this study is 

that all biopsies were obtained at one time point, during elective Caesarean section 

before labour, and therefore cannot comment on any possible changes in 

ultrastructure that occur with the onset of labour. 

 

10.2 MYOMETRIAL ANATOMY 

Several of our quantified morphological parameters differ from previous estimates in 

the literature. Having looked at the crude composition of the tissue, we then focused 

our work on the myometrial smooth muscle cells. The first feature we assessed was 

the cell nucleus. Nuclei were found to occupy ~1.5% of the SMC, a relatively small 

fraction compared to the 10% reported for other smooth muscle types (Kao and 

Carsten, 1997). We suggest this is due to the extreme hypertrophy the cell has 
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undergone. The cytoplasm grows disproportionally more than the nucleus in the case 

of hypertrophy of several other visceral smooth muscle types (Gabella, 1990b).  

The volume and surface area of SMC reported in this thesis (14,000 µm3 and 8,837 µm2 

respectively) are much less than those previously calculated (21,000 µm3 and 23,000 

µm2) (Kao, 1977; Csapo, 1962; Cole and Garfield, 1989b). These volume measures, and 

a surface density (surface/volume) of 1.1 µm-1  for myometrial cells, were reported by 

Kao, but it is not made clear how these values were calculated (Kao, 1977). The original 

volume/surface area ratio provided by Kao of 0.9 µm (which correlates to a SV of 1.1 

µm-1) has also been erroneously reported as the SV in some sources (Cole and Garfield, 

1989b). We calculated a surface to volume ratio (SV) of 0.65 µm-1 which is considerably 

less than 1.1 µm-1. The differences between our values and previously reported values 

may be due to several aspect, firstly, not all of the previous estimates were based on 

human tissue or pregnant tissue specifically, secondly, the use of unbiased 

stereological techniques, and lastly, the extreme hypertrophy of pregnancy which 

results in a SMC with a very different relative volumetric composition than other 

visceral SMC. The percentage of the cell occupied by mitochondria was calculated to 

be 1.9% and this contrasts to that of various other smooth muscles types which range 

from 3-9% (Somlyo, 1980; Gabella, 1981). Again, the reason for this change is likely to 

be the hypertrophy of the cell. Many of the descriptive and quantitative studies of 

myometrial morphology are several decades old, examine a small sample number and 

may not utilise the unbiased techniques used in this study.  

This research was carried out on myometrial biopsies from the lower uterine segment, 

as such we have sampled only a small portion of the myometrium and care must be 

taken when extrapolating these results to the tissue as a whole. In this thesis we have 

described several aspects of this morphology; a summary of the findings is provided in 

Table 55. 
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Table 55 Morphological parameters of human term pregnant myometrium 

VV (SMC, tissue) 0.65 ± 0.01 - 

VV (ECM, tissue) 0.33 ± 0.01 - 

VV (other tissue, tissue) 0.02 ± 0.01 - 

Number-weighted nuclear volume 175 ± 10 µm3 

Vv (nucleus, SMC) 0.015 ± 0.001 - 

VV (Heterochromatin, nucleus) 0.12 ± 0.01 - 

Heterochromatin volume/nucleus 22 ± 2 µm3 

VV (Euchromatin, nucleus) 0.86 ± 0.01 - 

Euchromatin volume/nucleus 149 ± 9 µm3 

VV (Nucleolus, nucleus) 0.02 ± 0.003 - 

Nucleoli volume/nucleus 3.74 ± 0.6 µm3 

Euchromatin: Heterochromatin 7.5 ± 0.4 - 

Volume-weighted nuclear volume 312 ± 44 µm3 

CVN(V) 0.89 - 

SMC Volume 14047 ± 1352 µm3 

Cells/mm3 62594 ± 7003 - 

Sv (membrane, SMC) 0.65 ± 0.03 µm-1 

SA membrane SMC 0.23 ± 0.02 µm2 

Sv (DP-membrane, SMC) 8837 ± 788 µm-1 

SA DP-membrane SMC 3242 ± 354 µm2 

% membrane associated with DP 35.3 ± 1.7 % 

Vv (mitochondria, SMC) 0.019 ± 0.003 - 

Mitochondria volume per SMC 262 ± 43 µm3 

Vv (DB, SMC) 0.021 ± 0.002 - 

DB volume per SMC 301 ± 43 µm3 

Vv (Cx43, tissue) 0.023 ± 0.005 - 

Vv (Cx43, cellular tissue) 0.034 ± 0.008 - 

Vv (unphosphorylated Cx43, tissue) 0.014 ± 0.004 - 

Vv (unphosphorylated Cx43, cellular tissue) 0.022 ± 0.008 - 

Lv (vessel, tissue)  50.9 ± 4.3 mm-2 

Lv (vessel, SMC)  103.7 ± 11.2 mm-2 

rDiff (vessel, tissue)  83.8 ± 3.8 µm 

rDiff (vessel, SMC)  59.9 ± 3.0 µm 

Vv  (vessel, tissue) 0.06 ± 0.01 - 

Sv (vessel, tissue)  4.9 ± 0.4 mm-1 

Vessel diameter  32.0 ± 1.6 µm 

Vessel area  1.1 ± 0.2 mm2 

Minimum Feret's Diameter  23.96 ± 1.17 µm 

Vv (OBR, tissue) 0.04 ± 0.002 - 

Vv (OBR, cellular tissue) 0.059 ± 0.003 - 

Vv (LD, tissue) 0.0006 ±  0.0001 - 

Vv (LD, cellular tissue) 0.0008 ±  0.0001 - 

 

CVN(V): coefficient of variation in nuclear volumes, Cx43: connexin 43, DP: dense plaque, 

ECM: extracellular matrix, LD: lipid droplet, LV: length density, OBR: leptin receptor, rDiff: 

radial diffusion distance, SMC: smooth muscle cell, SV : surface density,VV: voume fraction. 
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10.3 MATERNAL OBESITY AND MYOMETRIAL MORPHOLOGY 

We did not observe any change in the volume fraction of muscle or extracellular 

content in association with maternal age or BMI. But when the remainder of the tissue 

components (“other tissue”) was considered, there was less in the obese group 

compared to the normal BMI group (P<0.05). This “other tissue” category included 

vascular, neuronal and blood cells. Although the overweight category possessed a VV 

(other tissue, tissue) intermediate between the normal and obese BMI groups the 

correlation graph (Figure 26) does not support a linear trend (P=0.175), as only the 

composition of tissue from the higher BMI subjects appear altered. Further to this 

study, the vascular component of this “other tissue” category was explored in chapter 

seven. BMI was not associated with an increase in VV (vessels, tissue) when the normal 

BMI and BMI ≥25 groups were compared, and there was no correlation between this 

measure and maternal BMI (P=975). The reason for this may be that there was not any 

high BMI (>35) women included in this study. The only obese women in the study had 

BMIs of 30.6, 31.0, 31.6, 31.8 and 32.3 as can be seen in Table 60. The reason for this 

was practical, the vascular study necessitated a rigorous systematic random sampling 

procedure, therefore new biopsies were collected and processed specifically for the 

study and unfortunately, or fortunately in some respects, no morbidly obese women 

were recruited during the time frame of collection. Addition of higher BMI participants 

to this study may determine whether the higher VV (other tissue, tissue) observed in 

higher BMI women is due to alterations in the volume of the vasculature component.  

We did not observe any other BMI-related changes in the other structural aspects 

which were investigated in this thesis including SMC organelle volume, leptin receptor 

expression and lipid content of the tissue. It is possible so that the BMI-related 

dysfunction is related to structural or physiological factors that are not investigated in 

this thesis. Future studies could include exploration of the nervous component of the 

myometrium, which can modulate contractility of myometrial vascular and visceral 

smooth muscle. There is extensive adrenergic denervation of the myometrium during 

pregnancy which may be related to maintenance of quiescence (Zoubina et al., 1998; 

Wikland et al., 1984; Latini et al., 2008). A deficit of this denervation could result in a 
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higher VV (other tissue, tissue) in obese women and may lead to increased adrenergic 

activity.  

Adipokines may also hold the key to myometrial functional deficits in obese mothers, 

apelin, ghrelin, leptin and visfatin have shown inhibitory influences in vivo (Hehir and 

Morrison, 2012b; Hehir et al.; Mumtaz et al., 2012; Moynihan et al., 2006). We have 

shown that the expression of the leptin receptor in the myometrium is not altered 

with respect to BMI. As we have discussed it may be important to measure the free 

serum levels of these adipokines to understand the contribution of any sequestering 

proteins that may inhibit their signalling. 

 

10.4 ADVANCED MATERNAL AGE AND MYOMETRIAL MORPHOLOGY 

VV (nucleus, SMC) is increased with increasing maternal age. This is the ratio of nuclear 

volume to cell volume and so this change may represent an increased nuclear volume 

and/or a decreased SMC volume. When number-weighted mean nuclear volume and 

cell volume were measured no significant difference was found associated with age, 

therefore we propose that there are concomitant slight increases in nuclear volume 

and decrease in cell volume in the older women. Indeed the trend of the correlation in 

terms of SMC volume (Figure 49, P=0.074) supports a slightly decreased SMC volume. 

This may be due to a deficiency of hypertrophy during pregnancy, the lack of change in 

VV (SMC, tissue) suggests that if there are smaller cells in the older group, there must 

be a greater number of cells per unit volume in the older group i.e. more hyperplasia. 

The significant of these changes with regards to function may be related to the force 

that may be generated by the smaller cells or perhaps the energy efficiency with which 

they contract. We then examined various components of the cell and nucleus to see if 

the altered volume is associated with changes in any particular organelle(s) or cell 

structure(s). An interesting study has shown an effect of leptin on myometrial SMC 

proliferation in vitro. Leptin was shown to have a proliferative effect at 6.25ng/ml (via 

the leptin receptor and ERK1/2 action) an anti-proliferative effect at a concentration 

>25ng/ml (via indirect IL-6 receptor and NF-κB activation) which switches to a 
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proliferative effect at a concentration >50ng/ml (via the IL-6 receptor, STAT4 and 

ERK1/2 activation) (Barrichon et al., 2015). The altered leptin receptor expression 

observed in the tissue from the older women may therefore be related to the 

proposed hyperplasic/hypertrophic changes that may have occurred in the myometrial 

tissue from older mothers in our study. 

The volume fraction and mean volume of the nuclear components (heterochromatin, 

euchromatin and nucleoli) were assessed and found not to differ between the age 

groups. Volume-weighted mean nuclear volume was also assessed and combined with 

the number-weighted equivalent to calculate the coefficient of variation in nuclear 

volumes. Again, this did not differ between the age groups indicating there is a similar 

distribution of nuclear volumes between the two groups.  

The cellular components that were assessed were dense bodies, mitochondria, cell 

membrane, dense plaque associated membrane, lipid droplets and gap junctions. Only 

the volume of mitochondria in SMC exhibited age-related changes. The volume 

fraction of mitochondria could not be compared between the groups as the data was 

non-parametric and did not have equal variance, but when the variation in cell volume 

was accounted for by calculating the pooled volume of mitochondria per cell, this 

value was 35% less in the older group versus the younger group (P=0.026), and 

exhibited a trend towards a negative correlation with age (P=0.075). Impaired 

mitochondrial biogenesis, which has been described in other tissues in association with 

increasing age, may be the reason for the decreased mitochondrial volume (Lopez-

Lluch et al., 2008; Ungvari et al., 2008).  

An age-related inhibition of oxytocin-stimulated contraction was observed in 

myometrium from old pregnant (8 mth) mice, which was not observed in the younger 

pregnant (3 mth) or age matched non-pregnant mice (Rima et al., 2014). This is in 

contrast to human studies in which there is a reduction in spontaneous and oxytocin-

induced contractility in myometrium from older non-pregnant women compared to 

younger non-pregnant women, and age-matched pregnant tissue (Rima et al., 2014; 

Arrowsmith et al., 2012). The age-related inhibition in the older pregnant (day 18) mice 
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was coupled with a decrease in mitochondrial DNA (mtDNA) copy number measured 

via qPCR. The decrease in mtDNA copy number may be related to a decrease in the 

volume of mitochondria per cell such as we have observed. MtDNA copy number is 

closely related to energy producing capacity (Dickinson et al., 2013). This warrants 

further investigation in light of the functional importance of mitochondria to energy 

production and possibly calcium signalling. Age-related declines in the level of PGC-1α, 

the master mitochondrial biogenesis regulator, may be implicated in the decreased 

mitochondrial volume per cell we have observed. PGC-1α levels may be influenced by 

thyroid hormone, AMPK and telomerase levels, all of which may diminish with age 

(Gouspillou et al., 2013; Safdar et al., 2010). It may be interesting to study levels of 

these factors in older pregnant women to probe the possible reasons for the reduced 

mitochondrial volume observed. 

The morphology and cellular location of mitochondria may also be relevant (Olson et 

al., 2010). In vitro studies of mitochondrial function could be carried out to examine 

whether this morphological deficit translates to a functional deficit. Tissue oxygen 

consumption could be measured via polarography using a Clark electrode (Li and 

Graham, 2012). The Clark electrode can measure oxygen within a sealed chamber 

containing a mitochondrial suspension, the rate at which the chambers oxygen level 

decreases is representative of the oxygen consumption. Other assays could measure 

ATP production and membrane integrity (Mitochondrial ToxGlo Assay, Helix) or 

NAD(P)H-dependant oxidoreductase enzymatic activity (MTT assay). There are 

downsides to these techniques, the Clarke electrode consumes oxygen and therefore 

the mitochondria experience a falling oxygen pressure during the measurement, it is 

also restricted to measuring oxidative phosphorylation and not glycolysis. Methods 

that rely on ATP assessment may not be ideal for myometrial assessment as cells will 

often adjust their metabolism to maintain a normal ATP level unless an overwhelming 

disruptive pathology is present. Other functions of the mitochondria, β-oxidation of 

fatty acids and reactive oxygen species metabolism may also be affected by the 

decreased mitochondrial content of myometrium from older mothers. 
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The age-related inhibition in the older pregnant (day 18) mice mentioned above was 

also associated with lowered connexin 43 mRNA expression, we did not find any age-

related changes in (phosphorylated) connexin 43 expression which is thought to 

represent gap junctions, but there was a significant increase in the volume fraction of 

the tissue staining positively for unphosphorylated connexin 43 in the older group 

compared to the younger group. When VV (unphosphorylated Cx43, cellular tissue) was 

calculated the P-value was approaching significance at P=0.073. A significant positive 

correlation of VV (unphosphorylated Cx43, tissue) and VV (unphosphorylated Cx43, 

cellular tissue) was observed in association with maternal age (P=0.012, 0.043 

respectively). The distribution and morphology of positively staining cells suggests they 

may be telocytes expressing connexon hemichannels. Further studies are required to 

fully identify these cells as telocytes. Some studies suggest that pregnancy may 

decrease telocytes abundance or function (Horn et al., 2012; Hutchings et al., 2006; 

Hutchings et al., 2009; Creţoiu et al., 2012). Possibly this could be related to the 

quiescence of pregnancy and a deficit in these pregnancy related changes may have 

functional consequences in the case of the older mothers. 

Age-associated alterations were also observed in the vasculature of the term 

myometrium. The LV(vessels, tissue) was significantly positively correlated with age in 

our study  but the VV (vessels, tissue) was not, this may suggest an increased tortuosity 

of vessels in the older group, the functional significance of this is not clear. To further 

explore this alteration we examined the size of individual vessels by measuring the 

minimum Feret’s diameter of a subset of vessels. The mean minimum Feret’s diameter 

was significantly larger in the older group compared to the younger group (P=0.009). 

The distribution of vessel sizes (as measured by minimum Feret’s diameter) of a subset 

of vessels which excluded very small (diameter <9µm) and very large vessels, differed 

between the age groups (P < 0.01) and further analysis suggests this is due to a smaller 

number of small (9-19 µm diameter) vessels and a greater number of large vessels (>27 

µm) in the older group compared to the younger group. Analysis of the variation in 

vessel diameter reveals a positive correlation between intra and inter-individual 

coefficient of variation in minimum Feret’s vessel diameter with maternal age. As it is 
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the smaller vessels, which partake in gas exchange, which are decreased in the older 

group compared to the younger group, the older mothers may have less well 

oxygenated myometrium. Hypoxia has been associated with decreases in uterine pH 

and contraction (Harrison et al., 1994). In a rat model of uterine artery occlusion 

contractions were inhibited by ischemia but restored to above control levels for an 

extended period following reperfusion (Harrison et al., 1994). If this is the case with 

older mothers then a period of relaxation to allow restoration of pH levels may be 

more beneficial to the success of labour rather than repeated administration of 

oxytocin which is known to exacerbate the problem (Harrison et al., 1994). Hypoxia is 

also associated with mitophagy via FUNDC1, this is an adaptation to lower energy 

demand during a period of reduced oxygen resources, and proposes a possible 

relationship between the observed vascular and mitochondrial changes observed in 

our study (Liu et al., 2012b). 

The VV (leptin receptor, tissue) staining was significantly reduced in the older group 

compared to the younger groups of women (P=0.021). This remained true when we 

accounted for the amount of cellular tissue present by calculating VV (OBR, cellular 

tissue) (P=0.013).  There was also a significant inverse correlation was also observed 

(P=0.045), with age accounting for 15% of the variation in VV (OBR, tissue). The 

possible significance of this is explored in chapter nine; we propose a mechanism by 

which reduced OBR may be linked to decreased myometrial function in older women. 

Firstly decreased membrane expression of OBR isoforms may reduce levels of the 

soluble receptor which is formed by cleavage of the longer forms, this leads to higher 

unsequestered levels of leptin in the blood and this may inhibit contractility, as it has 

been observed to do in vitro (Moynihan et al., 2006).  

Another possible route that altered leptin signalling may affect myometrial function is 

via effects on the degree of calcium sensitisation (O'Brien et al., 2013; Harrod et al., 

2011), investigation of the degree to which contraction is mediated by the RhoA/ROCK 

pathway in myometrium from older pregnant women may be informative. This could 

be easily carried out in a tissue bath experiment coupled with the specific ROCK 

inhibitor H1152.  
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Altered leptin signalling in the older cohort may also be linked to the vascular changes 

we have observed. Leptin is a known angiogenic agent (Park et al., 2001; Bouloumie et 

al., 1998) which suggests a possible mechanism underlying the vascular changes 

observed in the older mothers. 

 

10.5 CONCLUSION 

The aims of this thesis have been met. This study has described numerous aspects of 

the structure of normal term myometrium heretofore not available in the literature.  

Several caveats for the use of lower segment myometrial strips in in vitro experiments 

have been proposed. The use of these strips in in vitro studies is justified in terms of 

the similarity in muscle content to the upper uterine segment, and in relation to the 

lack of influence of muscle fibre orientation on contractile force generated by the strip. 

Myometrial structure was also assessed in relation to maternal BMI. Several structures 

intuitively thought to be potentially affected by maternal obesity (leptin receptor 

expression and lipid content) were found to be unchanged in the obese mothers. The 

muscle and extracellular matrix content were also unchanged, but the remaining 

components of the tissue were relatively increased in the obese group. Vascular 

changes were not seen in the cohort of women studied in chapter 7 suggesting some 

other component is disrupted in this population or alterations are only seen in women 

with a higher BMI than those included in this study (BMI 32.3). 

Several age-related changes in myometrial morphology are described in this work, and 

mechanisms were proposed as to how these alterations may potentially inhibit 

myometrial function. This thesis raises multiple lines of inquiry which may help 

understand the reason for the obstetric dysfunction often seen in older mothers. 

A summary of the significant differences (either between the groups or significant 

correlations) observed with BMI or age is given in Table 56. 
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Table 56 Main significant BMI and age related changes in myometrial anatomy 

Parameter Higher BMI women Older women 

VV (other tissue, tissue)   

VV (Nucleus, SMC)   

Volume of mitochondria per SMC   

VV (unphosphorylated Cx43, tissue)   

VV (unphosphorylated Cx43, cellular 

tissue) 

  

LV (vessels, tissue)   

Minimum Feret’s vessel diameter   

Distribution of vessel sizes   small vessels 

 large vessels 

VV (leptin receptor, tissue)   

 

An arsenal of imaging technologies and stereological techniques have been used in this 

work to piece together an understanding of the normal and abnormal anatomy of the 

myometrium at term. It is the case that work of this nature often raises more 

questions than it answers. In order to further develop the theories proposed we must 

make use of the cohort of new technologies becoming available. What has been 

observed so far is a static view; to expand these results further we must develop our 

knowledge in a spatial and temporal context. New methods, such as the use of 

isotropic rulers (“one-stop stereology”), or fractal dimension and lacunarity analysis, 

are becoming available which allow the collection of information regarding the spatial 

inter-relationships of the tissue and cell components, and their hierarchy of 

organisation (Reed et al., 2010). These can be combined with fast acquisition in vitro 

live cell imaging techniques, such as spinning disc confocal microscopy and the newer 

lattice light sheet microscopy, which can provide a temporal framework for the 3D 

structural alterations observed (Chen et al., 2014).  
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Furthermore, these methods can be coupled with functional assessment through the 

use of the “F-techniques” that allow indirect observation of biological processes as 

they happen. These include: FRAP (fluorescence recovery after photobleaching) which 

allows measurement of the gross movement of labelled molecules between domains; 

FLIM (fluorescence lifetime imaging) which enables measurement of the duration of 

the excited state of fluorescent molecules, allowing an appreciation of molecular 

interactions which affect this lifetime, and FRET (Förster resonance energy transfer) in 

which the emission fluorescence of one fluorophore excites a second type of 

fluorophore, both of which may be attached to host proteins allowing detection of 

interactions between these molecules. The 3D view can now also be extended to 

ultramicroscopic levels with the use of serial block face SEM techniques but at the cost 

of the temporal dimension (Hughes et al., 2014).  

Of course the most relevant of all is the in vivo view. Most imaging modalities that 

allow this, do not yet match up to the resolution levels achievable with in vitro 

microscopy techniques. In terms of animal studies, there is a compromise between 

resolution and imaging depth, ranging from near-infrared multiphoton excitation to 

specifically illuminate volumes up to 1mm within the tissue, to photoacoustic 

tomography techniques which allow whole body imaging (Helmchen and Denk, 2005; 

Xia and Wang, 2014). These can be coupled with active probes such as traditional 

antibody-conjugated or genetically expressed fluorophores, quantum dots, 

nanoparticles or endogenous contrast agents such as haemoglobin (Rao et al., 2007).  

In the case of human in vivo imaging, the use of expensive new technologies must be 

tempered by safety and ethical restraints, especially during pregnancy. A range of new 

in vivo modalities are being developed to connect the traditional gross scale MRI and 

ultrasound imaging to the microscale. Minimally invasive high resolution ultrasound 

and 3D endoscopic optical coherence tomography are some of the technologies 

bridging this gap. In conclusion it is clear that further integrated multidisciplinary 

techniques will be critical to further understanding the forces at play in the aging 

uterus. 
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 Appendices 

 

1.1 MATERIALS LIST 

 Item Manufacturer Code 

Fixatives 

 Glutaraldehyde Serva AMS Biotechnology 23114.01 

 Osmium tetroxide Agar Scientific ARG1019 

 Paraformaldehyde Sigma-Aldrich P6148-1KG 

 Sodium cacodylate  Sigma-Aldrich CO250 

 Sodium phosphate dibasic  Sigma-Aldrich 4276 

 Sodium phosphate monobasic  Sigma-Aldrich 4270 

Buffers 

PSS Glucose Sigma-Aldrich  

Sodium chloride Sigma-Aldrich  

Magnesium chloride Sigma-Aldrich  

Magnesium sulphate  Sigma-Aldrich  

Potassium chloride Sigma-Aldrich  

Calcium chloride Sigma-Aldrich  

Potassium phosphate Sigma-Aldrich  

Sodium bicarbonate Sigma-Aldrich  

TBS Tris hydrochloride  Sigma-Aldrich T3253-1KG 

Sodium chloride Emsure 1.06404.5000 

Triton X-100 Sigma –Aldrich T8532-500ml 

Lectin 
buffer 

HEPES  Sigma-Aldrich H3375 

Sodium chloride  Emsure 1.06404.5000 

Magnesium chloride  Sigma-Aldrich 4116479 

Calcium chloride Sigma-Aldrich C1016 

Antigen 
retrieval 
buffer 

Sodium citrate trihydrate dibasic Sigma-Aldrich C3434 
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 Item Manufacturer Code 

Stains 
Massons 
Trichrome stain    

Eosin Sigma-Aldrich  

Potassium ferricyanide  Lennox Laboratory 
Supplies 

 

Mayer’s haematoxylin  Sigma-Aldrich  

Dodeca molybdophosphoric acid  Lennox Laboratory 
Supplies 

 

TEM stain Lead citrate Leica  Microsystems  

Uranyl acetate Leica  Microsystems  

Toluidine blue Lennox Laboratory 
Supplies 

 

Acridine orange 
stain 

Acridine orange  Michrome  
Acetic Acid  Sigma-Aldrich  

Nile red stain Nile red (Nile blue A oxazone) Sigma Aldrich N3013 

Acetone   

Immunofluorescence staining 
 Hoechst  33342 Invitrogen H3570 

 Normal goat serum  Sigma-Aldrich  

 Powerblock blocking solution BioGenex Laboratories HK085-5KE 

Cx43 immuno-
staining 

Polyclonal rabbit anti-human 
antibody to connexin 43  

Abcam Cat no: 
11370 

Monoclonal mouse anti-human 
antibody to unphosphorylated 
connexin 43 

Invitrogen Cat no: 13-
8300 

Goat anti-mouse Alexa Fluor 488 
IgG 

Invitrogen A11029 

Goat anti-rabbit Alexa Fluor 594 
IgG 

Invitrogen A11037 

Vessel immuno-
staining 

Ulex europeaous (UEA-I) lectin 
conjugated to rhodamine 

Vector Labs RL1062 

Fucose inhibiting sugar Vector Labs S-9007 

Monoclonal mouse anti-alpha 
smooth muscle actin, isotype 
IgG2a kappa, 1A4 clone 

Dako M0850 

Goat anti-mouse Alexa Fluor 488 
antibody IgG 

Molecular Probes A-11029 

Leptin receptor 
staining 

Rabbit Anti-human Ob-R 
antibody 

Santa Cruz Ob-R (M-18) 
sc1834-R 

Alexafluor 594 goat anti-rabbit 
IgG 

Life Technologies   
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 Item Manufacturer Code 

Mountants 

 Fluoromount mounting medium Sigma-Aldrich F4680-25ml 

 DPX mountant VWR 360294H 

 Cytomation mounting medium  Dako 53023 

Embedding media 

 Paraffin BDH  

 Low viscosity resin Agar Scientific R1078 

 Tissue-Tek OCT compound VWR 25608-930 

Other materials & chemicals 

 250 Mesh copper grids for TEM Agar Scientific  

 Superfrost positively charged slides Fischer Scientific  

 Twin Frost microscopy slides Fischer Scientific  

 Mold Max 20 silicone rubber Smooth-on  

 Ethanol Lennox Laboratory 
Supplies 

 

 Propylene oxide Sigma-Aldrich  

 Xylene Lennox Laboratory 
Supplies 

 

 Potassium chloride Sigma-Aldrich  

 Oxytocin  Sigma-Aldrich  

 U46619  Sigma-Aldrich  

 Phenylephrine  Sigma-Aldrich  

 HMDS (hexamethyldisilazane) Sigma-Aldrich  

Equipment 

 Microtome  Leica  

 Cryostat Leica  

 Ultracut E ultramicrotome Leica  

 Gold sputter coater   

 Automated contrasting apparatus 
for TEM EMAC 20 

Leica  

 Vegetable steamer   

 PowerLAb hardware unit for tissue 
bath experiments 

AD Instruments  
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 Item Manufacturer Version 

Microscopy systems 

TEM H-7000 TEM Hitachi Ltd., Chiyoda, Tokyo  

1K  digital camera using  Hanamatsu  

AMTV542  Image Capture 
Engine software 

  

Laser 
scanning 
microscope 

IX71 Fluoview Laser 
scanning confocal 
microscope 

Olympus,  Southend-on-Sea, 
UK 

 

Structured 
Light 
microscope 

IX81 inverted microscope Olympus,  Southend-on-Sea, 
UK 

 

Optigrid structured light 
imaging system 

QIOPTIQ  

Camera Hamamatsu  

Volocity Acquisition and 3D 
Analysis Software 

Improvision/Perkin Elmer 6.2 

Nucleator 
and Fibre 
orientation 
imaging 

Olympus BX61brightfield 
microscope.  

Olympus,  Southend-on-Sea, 
UK 

 

SEM S2600N Hitachi Ltd., Chiyoda, Tokyo  

Software 

 Image-Pro Plus Media Cybernetics,  Rockville, 
MD 

6.3.0.512 

 ImageJ freeware National Institutes of Health, 
Bethesda, MA 

1.47v 

 Minitab Statistical software Minitab Inc., San Diego CA 16.2.3 

 GraphPad Prism GraphPad Software Inc. 5 

 Endnote Thompson Reuters X7 

 Microsoft Excel  Microsoft Inc. 14.0.7116.5000 

 Chart software  AD instruments, Hastings UK 4 

 Microsoft Image Composite 
Editor 

Microsoft Inc. 1.4.4 
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1.2 BMI CLASSIFICATION 

The World Health Organisation defines body mass index as an index of weight adjusted 

for height. This index is used to classify underweight, normal, overweight and obesity 

in adults as shown in Table 57. The formula for BMI is shown in Equation 28 and it is 

measured in units of kg/m2. 

 

 

1.3 WAX EMBEDDED AND FROZEN TISSUE FIXATIVE 

This fixative was used for the tissues examined in sections 2.2.4, 3.2.3, 6.2.1, 7.2.1, 

8.2.1 and 9.2.1. 

8% Paraformaldehyde 

 80 g of Paraformaldehyde was added to 800 mls Millipore water and heated to 

60°C 

 Sodium hydroxide (1 Molar) was then added until the solution cleared 

 The solution was then cooled and filtered through filter paper 

 The pH was adjusted to 7.4 with 1M sodium hydroxide  

 The solution was brought to 1litre with Millipore water and stored at 4°C for up 

to 4 wks 

Equation 28 Body Mass Index 

𝑩𝒐𝒅𝒚 𝑴𝒂𝒔𝒔 𝑰𝒏𝒅𝒆𝒙 (𝑩𝑴𝑰) =
𝑾𝒆𝒊𝒈𝒉𝒕 𝒊𝒏 𝑲𝒈

𝑯𝒆𝒊𝒈𝒉𝒕 𝒊𝒏 𝒎𝒆𝒕𝒆𝒓𝒔𝟐
 

Table 57 WHO Classification of BMI groups 

Classification BMI (kg/m2) 

Underweight <18.50 

Normal 18.50 - 24.99 

Overweight 25 – 29.99 

Obese >30 

    Obese Class I 30 – 34.99 

    Morbidly Obese/Obese class II 35 – 39.99 

Adapted from (WHO, 1995) 
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0.2M Phosphate buffer 

 24 g of sodium phosphate monobasic  

 28.4 g of sodium phosphate dibasic  

 Were added to 800 mls of Millipore water 

 pH was adjusted to 7.4 with 1M sodium hydroxide 

 The solution was then brought to 1 L with Millipore water and stored at 4°C for 

up to 1 month. 

Working solution 

The 8%  (2.66M) paraformaldehyde and 0.2 M phosphate buffer solutions were mixed 

in a 1:1 ratio to give a 4% paraformaldehyde working solution and this was either used 

immediately or stored at -20°C. 

 

1.4 ELECTRON MICROSCOPY PRIMARY FIXATIVE 

This fixative was used for the tissues examined in sections 4.2.1 and 5.2.2. 

10% Paraformaldehyde 

This was made up as described in section 1.3 but 10 g of paraformaldehyde was 

dissolved in a final volume of 100 ml. 

0.2M Cacodylate buffer 

 4.28 g of sodium cacodylate is dissolved in 80 mls Millipore water 

 The pH was adjusted to 7.2 with 0.2M HCl  

 Bring the solution up to 100 mls with Millipore water 

 Working solution 

25 mls of 0.2 M sodium cacodylate buffer, 10 mls of 10% paraformaldehyde solution 

and 4 mls of Glutaraldehyde were mixed and made up to 50 mls with Millipore water 

to give the working solution of 2% Paraformaldehyde, 2% glutaraldehyde fixative. This 

was used immediately. 
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1.5 ELECTRON MICROSCOPY SECONDARY FIXATIVE 

This fixative was used for the tissues examined in sections 4.2.1 and 5.2.2. 

1 ampoule of osmium tetroxide (0.25 g) was opened and added to 12.5 mls of 

Millipore water and allowed to dissolve overnight in the dark. This was mixed in a 1:1 

ratio with 0.2 M sodium cacodylate buffer (see section 1.4) and used immediately. 

 

1.6 EMBEDDING MOULD FOR ISOTROPIC UNIFORM RANDOM SECTIONS 

This method was used for tissues examined in chapter 7. The embedding mould (see 

Figure 93 ) was made as follows: four large ball bearings were superglued to the 

bottom of a plastic weighing trough and it was filled with Smooth-On Mold Max 20 

silicone rubber. This was cured at room temperature for 16 hrs and at 65°C for 4 hrs. 

The ball bearings could then be pushed out of the mould. 

 

 

Figure 93 Embedding mould for IUR sections 
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1.7 BUFFERS 

Tris buffered saline (TBS) 1X 

 24.32 g (0.154M) of tris hydrochloride  

 80.06 g (1.37M) of sodium chloride  

 Dissolved in 800 mls of Millipore water  

 pH adjusted to 7.6 with 1 M sodium hydroxide 

 The solution was then brought to 1 L and stored at 4°C for up to 1 month. 

TBS-T 0.025% triton 1X 

250 µl of Triton X-100 was added to 1 L of TBS and mixed.   

Lectin buffer 1X 

Lectins require metal divalent cations (Ca2+. Mn2+) to bind so they must be added to 

the buffer.  

 2383 mg (10 mM) HEPES  

 8766 mg (0.15 M) sodium chloride  

 1.25 mg (0.01 mM) magnesium chloride  

 11.09 mg (0.1 mM) Ca2+ chloride  

 Were added to 800 mls Millipore water  

 pH was adjusted to 7.5 with 1 M sodium hydroxide 

 The solution was made up to 1 L and stored at RT for up to 1 month. 

Sodium citrate antigen retrieval buffer 

 Dissolved 2.9 g of sodium citrate trihydrate dibasic in 800mls of Millipore water 

 Adjusted to pH6 with 1M HCL 

 Made up to 1L  

 500µl of triton X-100 was added and the solution was mixed 

 Stored at 4°c for up to 1mt 
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1.8 HISTOLOGICAL STAINS 

Acidified potassium permanganate 

0.5 g potassium permanganate 

0.5 ml Sodium hydroxide 

Made up to 100 ml with Millipore water 

Gomori’s aldehyde-fuchsin 

1.25 g basic fuchsin 

250 ml 70% ethanol 

2.5 ml hydrochloric acid 

2.5 ml paraldehyde 

Celestine blue 

12.5 g ferric ammonium sulphate 

250 ml distilled water 

Allowed to dissolve then added 1.25 g Celestine blue 

Boiled for 3 mins, filter and allowed to cool 

Added 35 ml glycerine 

Masson’s cytoplasmic stain 

2 g Ponceau 2R 

2 ml glacial acetic acid 

200 ml distilled water 

Dissolved and combined with 200 ml of a 1% (w/v) acid fuchsin solution  

Fibre stain 

5 g light green 

150 ml distilled water 

2.5 ml glacial acetic acid 

Toluidine blue (used in section 4.2.5) 

0.1 g toluidine blue 

0.1 g sodium tetraborate 

Dissolved in 100 ml distilled water overnight 
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Protocol for Masson’s trichrome stain (used in sections 2.2.4 and 3.2.4) 

 Sections dewaxed in xylene 2 X 10 mins 

 Rehydrated in graded ethanol solutions (100, 100, 95, 70, 50%) 1min each 

 Rinsed in tap water for 2 mins 

 Oxidised in acidified potassium permanganate solution for 2 mins 

 Rinsed in tap water 10 sec 

 Bleached in 2% sodium metabisulphite for 2 mins 

 Rinsed in tap water for 30 sec 

 Immersed in 70% aqueous ethanol solution for 1 min 

 Stained in Gomori’s aldehyde fuchsin for 1 min 

 Rinsed quickly in tap water 

 Differentiated in 95% ethanol for 10 sec 

 Rinsed quickly in tap water 

 Stained in Celestine blue for 4 mins 

 Rinsed in tap water for 30 sec 

 Stained in Mayer’s Haemalum for 4 mins 

 Rinsed in tap water for 20 sec 

 Differentiated in 70% ethanol 1.5% hydrochloric acid (v/v)  solution for 20 sec 

 Rinsed in tap water for 4 mins 

 Stained in Masson’s cytoplasmic stain for 1 min 

 Rinsed quickly in tap water 

 Differentiated in 1% dodeca-molybdophosphoric acid for 2 mins 

 Rinsed in tap water 

 Counterstained in fibre stain for 1 min 

 Differentiated in 1% acetic acid for 1 min 

 Dehydrated in graded ethanol solutions (50, 70, 95, 100, 100%) for 1 min each 

 Cleared in xylene 2 X 10 mins 

 Mounted in DPX mountant, allowed to dry and stored at RT 
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1.9 MACROS USED IN IMAGEJ 

1.9.1 Cross section area of muscle strip (section 2.2.4) 

Overview 
run("8-bit"); 
run("Enhance Contrast", "saturated=0.4"); 
setAutoThreshold("Default dark"); 
//run("Threshold..."); 
run("Convert to Mask"); 
//setTool("line"); 
makeLine(640, 492, 1025, 492); 
run("Set Scale...", "distance=385.33 known=1 pixel=1 unit=mm"); //length of 1 mm 
graticule (100divisions) 
run("Set Measurements...", "area mean standard min centroid center perimeter 
bounding fit shape feret's integrated median skewness kurtosis area_fraction limit 
display redirect=None decimal=2"); 
run("Invert"); 
//setTool("freehand"); //used to draw around the profile so didn't include ink marks 
 

1.9.2 Volume-weighted mean nuclear volume (section 4.2.5) 

macro "vol wt mean vol [j]"{ 
run("Enhance Contrast...", "saturated=0.4"); 
run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 
run("Set Measurements...", "  shape limit display redirect=None decimal=2"); 
run("Grid ", "grid=Crosses area=25000 color=Black"); 
run("In [+]"); 
} 

1.9.3 Vessel size distribution analysis (section 7.2.9) 

run("8-bit"); 
run("Enhance Contrast...", "saturated=0.4"); 
run("Set Measurements...", "area centroid center perimeter bounding fit shape feret's 
integrated stack limit display redirect=None decimal=2"); 
run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 
name=getTitle();  
setAutoThreshold("Default dark"); 
//run("Threshold..."); 
setThreshold(1, 255); 
run("Convert to Mask", "method=Default background=Dark black"); 
run("Analyze Particles...", "size=30-1500 circularity=0.40-1.00 show=Outlines display 
exclude add slice"); 
roiManager("Show All with labels"); 
roiManager("Show All"); 
selectWindow(name); 
run("Revert"); 
selectWindow("Drawing of "+name); 
run("Invert"); 
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selectWindow(name); 
imageCalculator("Add", name,"Drawing of "+name); 
selectWindow("Drawing of "+name); 
close(); 
selectWindow(name); 
saveAs("Tiff", "G:\\Images\\Vessel Stain\\overlays\\result"+name); 

1.9.4 Cx43 analysis (section 6.2.2) 

Total Tissue measurement - used an auto threshold 
// total tissue area 
setBatchMode(false); 
run("8-bit"); 
makeRectangle(0, 124, 1024, 777); 
run("Crop"); 
run("Enhance Contrast...", "saturated=1 normalize"); 
//run("Auto Threshold", "method=Huang ignore_black white"); 
run("Auto Threshold", "method=Percentile white"); 
run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 
run("Set Measurements...", "area mean standard min bounding integrated limit display 
redirect=None decimal=2"); 
run("Measure"); 
name=getTitle();  
selectWindow(name); 
saveAs("Tiff", "C:\\Documents and Settings\\04448472\\Desktop\\TT Area 
Mask\\Area "+name); 
open("C:\\Users\\04448472\\Desktop\\input TT\\"+name); 
name=getTitle();  
selectWindow(name); 
run("8-bit"); 
makeRectangle(0, 124, 1024, 777); 
run("Crop"); 
imageCalculator("Subtract create", name,"Area "+name); 
selectWindow("Result of "+name); 
saveAs("Tiff", "C:\\Documents and Settings\\04448472\\Desktop\\TT Result 
Masks\\Result of "+name); 
close(); 
close(); 
close(); 
//Fitc measurement 
setBatchMode(false); 
run("8-bit"); 
makeRectangle(0, 124, 1024, 777); 
run("Crop"); 
run("Enhance Contrast", "saturated=.5"); 
setThreshold(5, 255); 
run("Convert to Mask"); 
run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 
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run("Set Measurements...", "area mean standard min bounding integrated limit display 
redirect=None decimal=2"); 
run("Measure"); 
 
name=getTitle();  
selectWindow(name); 
saveAs("Tiff", "C:\\Documents and Settings\\04448472\\Desktop\\FITC Area 
Mask\\Area "+name); 
open("C:\\Users\\04448472\\Desktop\\input FITC\\"+name); 
name=getTitle();  
selectWindow(name); 
run("8-bit"); 
makeRectangle(0, 124, 1024, 777); 
run("Crop"); 
run("Enhance Contrast", "saturated=.5"); 
imageCalculator("Subtract create", name,"Area "+name); 
selectWindow("Result of "+name); 
saveAs("Tiff", "C:\\Documents and Settings\\04448472\\Desktop\\FITC Result 
Masks\\Result of "+name); 
close(); 
close(); 
close(); 
//TRITC measurement 
setBatchMode(false); 
run("8-bit"); 
makeRectangle(0, 124, 1024, 777); 
run("Crop"); 
//run("Enhance Contrast", "saturated=.5"); 
setThreshold(4, 255); 
run("Convert to Mask"); 
run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 
run("Set Measurements...", "area mean standard min bounding integrated limit display 
redirect=None decimal=2"); 
run("Measure"); 
name=getTitle();  
selectWindow(name); 
saveAs("Tiff", "C:\\Documents and Settings\\04448472\\Desktop\\TRITC Area 
Mask\\Area "+name); 
open("C:\\Users\\04448472\\Desktop\\input TRITC\\"+name); 
name=getTitle();  
selectWindow(name); 
run("8-bit"); 
makeRectangle(0, 124, 1024, 777); 
run("Crop"); 
run("Enhance Contrast", "saturated=.5"); 
imageCalculator("Subtract create", name,"Area "+name); 
selectWindow("Result of "+name); 
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saveAs("Tiff", "C:\\Documents and Settings\\04448472\\Desktop\\TRITC Result 
Masks\\Result of "+name); 
close(); 
close(); 
close(); 

1.9.5 Leptin Receptor VV analysis (section 9.2.1) 

//Positive tissue 
makeRectangle(252, 2, 1412, 1032); 
run("Crop"); 
run("8-bit"); 
//run("Threshold..."); 
setThreshold(11, 11); 
run("Convert to Mask"); 
run("Set Measurements...", "area mean standard min area_fraction limit display 
redirect=None decimal=2"); 
run("Measure"); 
run("Revert"); 
 
//total tissue area 
makeRectangle(252, 2, 1412, 1032); 
run("Crop"); 
run("Enhance Contrast", "saturated=0.6 equalize"); 
run("8-bit"); 
run("Invert"); 
//run("Threshold..."); 
setThreshold(0, 189); 
run("Convert to Mask"); 
run("Set Measurements...", "area mean standard min area_fraction limit display 
redirect=None decimal=2"); 
run("Measure"); 
 

1.10 STRUCTURED ILLUMINATION MICROSCOPY 

In fluorescence microscopy, out-of-focus and scattered light can prevent the capture 

of a useful image. To avoid this problem we can generate an image from one optical 

plane using confocal imaging or structured illumination microscopy. Structured 

illumination microscopy is a microscopy technique that allows acquisition of optical 

sections with a conventional wide-field microscope. This involves projecting a regular 

line grid pattern of illumination onto the section and imaging three times with the grid 

moved perpendicularly to the grid lines in 1/3 steps of the grid period length. The in-

focus plane is the plane that the illumination grid is exciting. The three images will 

contain in-focus and out-of-focus data, but the in-focus data is modulated by the 
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sinusoidal illumination pattern moreso than the out-of-focus data. We can then 

mathematically subtract the parts of the image that are common in each pair 

combination of the three images i.e. mostly the out-of-focus light (Neil et al., 1997). 

This algorithm is summarized in Equation 29, I1-3 are the three images acquired at the 

different grid positions and Ip is the produced image. The collection of the three 

images and the subtraction algorithm can be done in less than a second. By moving the 

sample stage up or down (by as little as 0.46 µm) optical sections can be obtained at 

several levels on the z axis and a 3D stack can be acquired. 

 

 

 

 

 

1.11  LASER SCANNING CONFOCAL MICROSCOPY 

The image is scanned in a raster with a spot of illumination by using two oscillating 

mirrors to deflect the beam in two dimensions. The resulting emission light path is 

blocked with an opaque plate containing a pinhole. The pinhole is in an optically 

conjugate plane to the point of illumination. Light that passes through the pinhole is 

collected by the detector. This light is emitted from a single plane in the section; light 

from above or below this plane is blocked by the plate. This method can be slow due 

to the time taken to raster the pinpoint illumination and also because longer exposure 

times are required due to the small amount of light collected. The sample can also be 

moved in the z plane and optical sections at different z levels imaged. This allows the 

construction of a 3D stack of images. 

 

 

 

 

Equation 29 Structured illumination microscopy 

𝑰𝒑 =  
√𝟐

𝟑
 √( 𝑰𝟏 − 𝑰𝟐 )𝟐 + ( 𝑰𝟏 − 𝑰𝟑 )𝟐 +  ( 𝑰𝟑 − 𝑰𝟐 )𝟐 
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1.12  RAW DATA FOR INDIVIDUAL WOMEN 

Table 58 Reasons for Caesarean for 57 women (chapters 3,4,5,6,8,9) 

Reason All 
women 

Normal 
BMI 

Over-
weight 
BMI 

Obese 
BMI 

Younger Older Nulli-
parous 

Multi-
parous 

Previous caesarean 31 12 3 16 13 18 0 31 

Breech Presentation 15 9 6 0 7 8 9 6 

Unstable  Fetal lie 2 0 2 0 1 1 1 1 

Placenta previa 1 0 1 0 0 1 1 0 

Maternal request 1 1 0 0 0 1 1 0 

Previous myomectomy 2 2 0 0 0 2 1 1 

Maternal lung malignancy 1 1 0 0 0 1 0 1 

Multiple pregnancy 1 0 1 0 1 0 1 0 

Maternal Hypertension 1 0 0 1 0 1 1 0 

Fetal hydro-cephalous 1 0 0 1 1 0 1 0 

Poor obstetric history 1 1 0 0 1 0 0 1 

 

Table 59 Individual clinical data for 57 women (chapters 3,4,5,6,8,9) 

Code Reason for C Section BMI Age Parity 

DC1 Previous C.S X1 26.4 29 1 

DC2 Previous C.S X3 30.9 22 4 

DC4 Previous C.S. X1 20.3 35 2 

DC3/5 Breech 21.3 22 0 

DC6 Breech 26.3 32 0 

DC7 Breech 28.7 40 0 

DC8 Previous C.S. + Hydronephrosis 24 28 1 

DC9 Previous C.S X1 24.2 37 1 

DC10 Previous C.S X2 24 38 2 

DC11 Previous C.S X2 23.6 33 2 

DC12 Previous C.S X1 30.1 28 1 

DC13 Previous C.S. + Poor Obstetric History 33.5 34 1 

DC14 Unstable Lie 28.1 30 0 

DC16 Breech 27.5 35 0 

DC17 Previous C.S 28.7 41 1 

DC18 Previous C.S. + SROM/Early Labour 23 37 2 

DC19 Previous C.S X1+Diabetes 23.7 38 1 

DC20 Breech 22.6 30 0 

DC21 Breech 21.4 34 0 

DC22 Previous C.S 26.8 42 1 

DC23 Previous C.S X2 24.3 33 2 

DC24 Maternal Choice 23.1 35 0 

DC25 Previous C.S. 32.3 31 2 

DC26 Previous C.S. X2 32.2 43 2 

DC27 Previous myomectomy 24.1 42 1 

DC28 Previous C.S. X2 32.4 23 2 

DC29 Unstable Lie 28.8 34 2 

DC30 Previous C.S. + High Head 32.5 32 1 

DC31 Lung malignancy 24.9 37 1 

DC32 Multiple Pregnancy 25.4 27 0 

DC66 Placenta Praevia 26.6 42 0 

DC67 Previous C.S. 32.7 43 2 

DC68 Previous C.S X2 22.4 29 2 

DC69 Breech 21.9 34 2 

DC70 Previous C.S. 24.7 35 1 

DC71 Previous C.S. 23.8 34 1 
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DC73 Previous C.S 24.7 34 1 

DC74 Breech 29.5 41 1 

DC75 Breech 27.3 35 1 

DC76 Breech 28.2 35 1 

DC77 Previous myomectomy 21.2 38 0 

DC79 Previous C.S X1+PET, Diabetes 37.9 36 1 

DC120 Hypertension 30.6 36 0 

DC122 Previous C.S. 20.4 34 1 

DC124 Breech 23.1 18 0 

DC125 Breech 21.2 27 0 

DC126 Previous C.S. 36.2 28 1 

DC129 Breech 21.8 28 0 

DC130 Previous C.S. x 2 31.4 31 2 

DC133 Previous C.S. 36 39 1 

DC134 Breech 21.1 29 1 

DC135 Breech 24.5 35 1 

DC136 Hydrocephalus 32.8 29 0 

DC138 Previous C.S. x 2 31.9 45 2 

DC139 Previous C.S. x 3 38.3 33 3 

DC280 Previous C.S. 30.9 32 2 

DC281 Previous C.S. x 2 35.2 43 2 

 Average/Median 27.2 34 1 

 SEM 0.6 0.8 0 

 range 20.3 - 38.3 18 - 45 0 - 4 

 n 57 57 57 

  

Table 60 Individual clinical data for 22 women (chapter 7) 

Code Reason for Caesarean   BMI Age  Parity  

ES1 Previous 3rd degree sphincter tear 37+4 22.2 37 1 

ES2 Previous C.S. 39+4 23.7 32 1 

ES4 Previous C.S. (+ Breech) 39+1 26.0 31 1 

ES5 Previous C.S. 38+6 22.9 34 1 

ES6 Previous C.S. and Cholestasis 39+2 32.3 39 2 

ES7 Previous C.S. 39+1 22.9 39 2 

ES10 Previous C.S. 40+2 28.4 37 1 

ES11 Breech 39+1 27.3 38 0 

ES15 Breech 39+2 27.6 28 1 

ES18 Previous C.S. 39+6 23.7 34 2 

ES19 Previous C.S. 38+3 30.6 32 2 

ES20 Breech 38+4 19.4 36 0 

ES21 Previous myomectomy 39+0 27.6 29 0 

ES24 Previous C.S. 38+5 31.8 30 1 

ES25 Breech 39+4 22.3 33 0 

ES27 Previous myomectomy 38+3 29.4 38 0 

ES32 Unstable lie 39+3 31.0 37 1 

ES33 Unstable lie 37+5 31.6 33 0 

ES34 Previous C.S. 38+6 22.7 33 1 

ES35 Previous 3rd degree sphincter tear 39+3 25.5 37 1 

ES38 Previous C.S. 39+0 24.0 38 1 

ES39 Previous C.S. 38+4 23.2 41 1 

  Average/ 
Median 

26.2 35 1 

  SEM 0.80 0.79 0.15 

  range 19.4 - 32.3 28 - 41 0 - 2 

  n 22 22 22 
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Table 61 Individual tissue composition data (Chapter 3) 

 Code 
Vv (ECM, tissue) Vv (SMC, tissue) Vv cellular tissue, tissue Vv (other tissue, tissue) 

DC1 0.42 0.52 0.58 0.06 

DC2 0.39 0.41 0.61 0.20 

DC4 0.31 0.62 0.69 0.07 

DC3/5 0.45 0.53 0.55 0.01 

DC6 0.33 0.63 0.67 0.04 

DC7 0.33 0.67 0.67 0.00 

DC8 0.49 0.51 0.51 0.00 

DC9 0.18 0.82 0.82 0.00 

DC10 0.41 0.58 0.59 0.01 

DC11 0.42 0.58 0.58 0.00 

DC12 0.38 0.61 0.62 0.01 

DC13 0.41 0.59 0.59 0.01 

DC14 0.34 0.65 0.66 0.01 

DC16 0.31 0.68 0.69 0.01 

DC17 0.27 0.73 0.73 0.00 

DC18 0.23 0.77 0.77 0.00 

DC19 0.13 0.86 0.87 0.01 

DC20 0.37 0.62 0.63 0.00 

DC21 0.29 0.70 0.71 0.01 

DC22 0.38 0.61 0.62 0.02 

DC23 0.41 0.59 0.59 0.00 

DC24 0.28 0.72 0.72 0.01 

DC25 0.22 0.78 0.78 0.00 

DC26 0.23 0.77 0.77 0.01 

DC27 0.32 0.67 0.68 0.01 

DC28 0.17 0.82 0.83 0.01 

DC29 0.29 0.71 0.71 0.00 

DC30 0.25 0.74 0.75 0.01 

DC31 0.35 0.63 0.65 0.02 

DC32 0.33 0.65 0.67 0.01 

DC66 0.34 0.65 0.66 0.01 

DC67 0.34 0.65 0.66 0.01 

DC68 0.36 0.63 0.64 0.01 

DC69 0.32 0.67 0.68 0.01 

DC70 0.33 0.67 0.67 0.00 

DC71 0.31 0.69 0.69 0.00 

DC73 0.35 0.64 0.65 0.01 

DC74 0.39 0.61 0.61 0.00 

DC75 0.28 0.69 0.72 0.03 

DC76 0.49 0.51 0.51 0.01 

DC77 0.43 0.54 0.57 0.02 

DC79 0.34 0.64 0.66 0.02 

DC120 0.38 0.60 0.62 0.02 

DC122 0.33 0.61 0.67 0.07 

DC124 0.29 0.68 0.71 0.03 

DC125 0.34 0.63 0.66 0.03 

DC126 0.30 0.66 0.70 0.04 

DC129 0.25 0.74 0.75 0.01 

DC130 0.22 0.76 0.78 0.02 

DC133 0.24 0.72 0.76 0.04 

DC134 0.33 0.67 0.67 0.01 

DC135 0.31 0.69 0.69 0.01 

DC136 0.31 0.68 0.69 0.01 

DC138 0.30 0.65 0.70 0.05 

DC139 0.35 0.62 0.65 0.03 
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DC280 0.46 0.39 0.54 0.15 

DC281 0.22 0.72 0.78 0.06 

Average 0.33 0.65 0.67 0.02 

SEM 0.010 0.012 0.010 0.005 

range 0.13 - 0.49 0.39 - 0.86 0.51 - 0.87 0 - 0.2 

n 57 57 57 57 

 

 

Table 62 Individual SMC nuclear parameter data (Chapter 4) 

Code 
Vv (SMC 
nucleus, SMC) 

No. weighted 
nuclear volume 

Volume-weighted nuclear 
volume (n=30) 

SMC 
Volume 

SMC per mm3 

DC4 0.02 206 110 12786 48299 

DC3/5 0.03 106 227 3700 144411 

DC8 0.02 214 291 11909 42721 

DC13 0.01 203 272 20773 28252 

DC18 0.03 178 107 5709 134476 

DC20 0.01 202 284 15294 40815 

DC21 0.01 358 303 29333 23945 

DC25 0.01 126 222 14743 52602 

DC26 0.01 127 188 10767 71132 

DC28 0.01 177 170 27652 29621 

DC30 0.01 130 164 16386 45348 

DC67 0.02 144 516 6513 99774 

DC69 0.01 114 835 9964 67322 

DC70 0.02 102 96 5447 123299 

DC71 0.02 220 307 13960 49497 

DC120 0.02 265 475 15022 39901 

DC122 0.01 151 653 11994 50473 

DC124 0.01 123 134 10379 65348 

DC125 0.02 151 131 8751 71987 

DC126 0.01 228 1048 35945 18257 

DC129 0.01 136 176 14768 49979 

DC130 0.02 208 305 13619 55854 

DC133 0.03 225 455 8087 88661 

DC134 0.01 230 820 21942 30432 

DC135 0.01 204 244 17460 39234 

DC136 0.01 177 255 14214 47659 

DC138 0.01 118 155 8073 80785 

DC139 0.01 146 117 15738 39591 

DC280 0.01 138 152 16357 23890 

DC281 0.03 137 165 4120 174269 

Average 0.01 175 313 14047 62594 

SEM 0.00 10 44 1352 7003 

range 0.01 - 0.03 102 - 358 96 - 1048 3700 - 35945 18257 - 174269 

n 30 30 30 30 30 
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Table 63 Individual SMC nuclear parameter data II (Chapter 4)  

Code 
Vv 
(Hetero-
chromatin, 
Nucleus) 

Vv (Eu-
chromatin
, Nucleus) 

Vv (Other 
components, 
nucleus) 

Hetero-
chromatin 
Volume per 
Nucleus 

Eu-
chromatin 
Volume per 
Nucleus 

Volume of 
other 
components 
per nucleus 

Eu-
chromatin: 
Hetero-
chromatin 
Ratio 

DC4 0.23 0.77 0.00 46 159 0.0 3.4 

DC3/5 0.16 0.81 0.03 17 86 2.7 5.0 

DC8 0.18 0.80 0.02 39 171 4.0 4.3 

DC13 0.11 0.85 0.03 23 173 7.0 7.5 

DC18 0.12 0.87 0.01 21 154 2.6 7.2 

DC20 0.13 0.85 0.03 26 171 5.1 6.6 

DC21 0.10 0.88 0.01 37 315 4.8 8.4 

DC25 0.08 0.92 0.00 10 115 0.0 11.0 

DC26 0.11 0.89 0.00 14 112 0.0 7.8 

DC28 0.10 0.83 0.07 17 147 12.7 8.6 

DC30 0.09 0.89 0.02 11 116 2.3 10.2 

DC67 0.11 0.88 0.02 15 126 2.4 8.1 

DC69 0.12 0.83 0.05 13 95 5.8 7.2 

DC70 0.11 0.88 0.02 11 90 1.8 8.1 

DC71 0.11 0.83 0.06 25 181 13.4 7.4 

DC120 0.09 0.89 0.02 25 236 4.1 9.5 

DC122 0.07 0.92 0.01 11 139 2.1 12.9 

DC124 0.09 0.91 0.00 11 112 0.0 9.8 

DC125 0.10 0.89 0.02 15 133 2.3 9.0 

DC126 0.13 0.87 0.00 29 198 0.5 6.8 

DC129 0.16 0.83 0.01 21 113 1.9 5.4 

DC130 0.18 0.80 0.01 38 167 2.6 4.4 

DC133 0.14 0.85 0.02 31 190 3.7 6.2 

DC134 0.12 0.85 0.03 27 194 7.9 7.1 

DC135 0.13 0.83 0.04 27 170 7.2 6.2 

DC136 0.10 0.88 0.02 18 156 3.9 8.7 

DC138 0.13 0.86 0.01 16 101 1.3 6.4 

DC139 0.11 0.87 0.03 16 127 3.7 8.1 

DC280 0.12 0.85 0.02 17 118 3.1 6.9 

DC281 0.11 0.87 0.02 15 118 3.2 7.8 

Averag
e 

0.12 0.86 0.02 22 149 3.7 7.5 

SEM 0.01 0.01 0.00 2 9 0.6 0.4 

range 0.07 - 0.23 0.77 - 0.92 0 - 0.07 10.48 - 
46.42 

85.69 - 
315.46 

0 - 13.4 3.43 - 12.88 

n 30 30 30 30 30 30 30 
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Table 64 Individual SMC parameter data I (Chapter 5) 

Code 
Vv (Mito-
chondria, 
SMC 

Mito-
chondria 
Volume 
per SMC 

Vv 
(DB, 
SMC) 

DB 
Volume 
per SMC 

Sv 
(Memb-
rane, 
SMC) 

Sv 
(DP-
Memb
-rane, 
SMC) 

Surface 
Area 
Memb-
rane per 
SMC 

Surface 
Area 
DP-
Mem-
brane 
per SMC 

% of SMC 
Membrane 
Associated 
with DP 

DC4 0.02 218 0.01 181 0.56 0.13 7181 1702 24 

DC3/5 0.02 59 0.01 43 0.51 0.17 1881 626 33 

DC8 0.08 957 0.02 225 0.64 0.15 7637 1809 24 

DC13 0.01 253 0.01 263 0.62 0.17 12931 3525 27 

DC18 0.04 243 0.01 75 0.58 0.07 3322 392 12 

DC20 0.04 645 0.02 285 0.71 0.16 10915 2458 23 

DC21 0.01 248 0.00 43 0.57 0.25 16842 7478 44 

DC25 0.02 316 0.01 183 0.22 0.05 3197 706 22 

DC26 0.02 201 0.02 212 0.66 0.25 7071 2697 38 

DC28 0.02 495 0.02 537 0.70 0.25 19369 6874 35 

DC30 0.03 468 0.02 324 0.81 0.39 13300 6358 48 

DC67 0.02 148 0.01 66 0.76 0.29 4926 1895 38 

DC69 0.00 15 0.03 330 0.70 0.29 6986 2883 41 

DC70 0.01 54 0.04 212 0.69 0.30 3734 1618 43 

DC71 0.01 164 0.03 452 0.63 0.20 8763 2786 32 

DC120 0.01 186 0.02 276 0.63 0.16 9398 2432 26 

DC122 0.01 169 0.01 154 0.47 0.15 5583 1811 32 

DC124 0.01 119 0.01 139 0.53 0.20 5453 2071 38 

DC125 0.01 110 0.01 92 0.73 0.29 6384 2519 39 

DC126 0.03 930 0.03 1140 0.41 0.16 14632 5922 40 

DC129 0.02 226 0.03 481 0.81 0.32 11966 4749 40 

DC130 0.00 11 0.01 196 0.69 0.38 9393 5178 55 

DC133 0.01 99 0.03 225 0.74 0.32 6006 2579 43 

DC134 0.02 339 0.03 650 0.56 0.21 12212 4529 37 

DC135 0.02 314 0.03 442 0.72 0.35 12564 6075 48 

DC136 0.02 265 0.05 701 0.62 0.25 8827 3496 40 

DC138 0.02 128 0.02 143 0.96 0.30 7755 2439 31 

DC139 0.01 191 0.02 352 0.82 0.27 12833 4271 33 

DC280 0.02 265 0.03 470 0.68 0.27 11073 4468 40 

DC281 0.01 25 0.03 123 0.73 0.22 2987 902 30 

Averag
e 

0.02 262 0.02 301 0.65 0.23 8837 3242 35 

SEM 0.00 43 0.00 43 0.03 0.02 788 354 2 

range 0 - 0.08 11 –  
957 

0 - 
0.05 

43 -  
1140 

0.22 - 
0.96 

0.05 - 
0.39 

1881 - 
19369 

392 –  
7478 

12 –  
55 

n 30 30 30 30 30 30 30 30 30 
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Table 65 Individual SMC parameter data II (Chapter 6) 

Code 
Vv (Unphosphorylated Cx43, 
tissue) 

Vv (Unphosphorylated Cx43, 
cellular tissue) 

Vv (Cx43, 
tissue) 

Vv (Cx43, cellular 
tissue) 

DC4 0.03 0.04 0.02 0.02 

DC10 0.06 0.10 0.05 0.09 

DC19 0.01 0.01 0.06 0.07 

DC20 0.01 0.01 0.01 0.02 

DC21 0.01 0.01 0.01 0.02 

DC23 0.00 0.01 0.01 0.01 

DC69 0.02 0.03 0.04 0.06 

DC77 0.01 0.02 0.01 0.01 

DC122 0.00 0.00 0.01 0.02 

DC125 0.00 0.01 0.03 0.04 

DC134 0.01 0.01 0.01 0.02 

DC135 0.01 0.01 0.01 0.02 

Average 0.01 0.02 0.02 0.03 

SEM 0.00 0.01 0.01 0.01 

range 0 - 0.06 0 - 0.1 0.01 - 0.06 0.01 - 0.09 

n 12 12 12 12 

 

Table 66 Individual vascular parameter data (Chapter 7) 

Code 
Lv 
(vessel, 
tissue) 

rDiff 
(vessel, 
tissue) 

Lv 
(vessel, 
SMC) 

Vv  
(vessel, 
tissue) 

Sv 
(vessel, 
tissue)  

Mean 
vessel 
diameter 

Mean vessel 
cross 
sectional 
area 

Mean min 
feret 
diameter 

ES1 64 71 120 0.08 7.3 36 1.3 34 

ES2 28 106 44 0.05 3.4 38 1.8 19 

ES4 21 123 52 0.03 2.7 42 2.1 27 

ES5 52 78 91 0.09 5.2 32 1.3 21 

ES6 50 80 92 0.05 5.1 33 0.8 24 

ES7 76 65 151 0.10 7.3 30 0.9 24 

ES10 57 75 124 0.10 6.8 38 1.9 22 

ES11 41 88 80 0.03 3.6 28 0.5 22 

ES15 45 84 79 0.05 4.3 30 0.8 17 

ES18 47 82 94 0.04 3.8 25 0.4 20 

ES19 63 71 125 0.04 4.8 24 0.3 24 

ES20 30 103 54 0.03 3.3 35 1.0 34 

ES21 57 75 109 0.08 6.1 34 1.2 27 

ES24 38 92 83 0.07 5.0 43 2.7 18 

ES25 21 124 37 0.03 3.0 45 2.2 21 

ES27 42 87 79 0.05 4.0 31 0.9 18 

ES32 46 83 91 0.03 3.5 24 0.3 32 

ES33 41 88 74 0.08 5.3 42 2.7 19 

ES34 70 67 176 0.03 3.5 16 0.1 18 

ES35 46 84 91 0.03 2.8 20 0.2 23 

ES38 105 55 271 0.10 8.7 26 0.5 30 

ES39 79 64 167 0.08 7.9 32 0.8 33 

Average/ 

Median 

51 84 104 0.06 4.9 32 1.1 24 

SEM 
4 4 11 0.01 0.4 2 0.2 1 

range 
21 - 105 55 - 124 37 - 271 0.03 - 0.1 2.7 - 8.7 16 - 45 0.08 - 2.72 17.4 - 34.0 

n 
22 22 22 22 22 22 22 22 
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Table 67 Individual adiposity related aspects data (Chapters 8 & 9) 

DC Code Vv (LD, tissue)  Vv (LD, cellular tissue) Vv (OBR, tissue) Vv OBR, cellular tissue 

DC4 0.00036 0.00053 0.042 0.061 

DC3/5 0.00047 0.00086 0.032 0.059 

DC8 0.00028 0.00056 0.045 0.087 

DC13 - - 0.032 0.054 

DC18 0.00024 0.00031 0.026 0.034 

DC20 0.00022 0.00035 0.063 0.100 

DC21 0.00079 0.00112 0.042 0.059 

DC25 0.00017 0.00022 0.038 0.049 

DC26 0.00035 0.00045 0.032 0.042 

DC28 0.00078 0.00094 0.063 0.075 

DC30 0.00057 0.00075 0.038 0.051 

DC67 0.00042 0.00063 0.037 0.056 

DC69 0.00089 0.00132 0.037 0.054 

DC70 0.00014 0.00020 0.038 0.056 

DC71 0.00023 0.00034 0.060 0.087 

DC120 0.00072 0.00116 0.006 0.010 

DC122 0.00018 0.00027 0.024 0.036 

DC124 0.00075 0.00105 0.045 0.064 

DC125 0.00068 0.00102 0.039 0.059 

DC126 0.00041 0.00058 0.040 0.057 

DC129 0.00053 0.00071 0.051 0.069 

DC130 0.00016 0.00021 0.050 0.065 

DC133 0.00156 0.00205 0.047 0.063 

DC134 0.00006 0.00009 0.034 0.051 

DC135 0.00024 0.00035 0.043 0.061 

DC136 0.00101 0.00146 0.042 0.060 

DC138 0.00109 0.00155 0.028 0.040 

DC139 0.00240 0.00367 0.032 0.049 

DC280 0.00030 0.00056 0.057 0.105 

DC281 0.00020 0.00026 0.043 0.056 

Average 0.00056 0.00081 0.040235012 0.058944819 

SEM 9.18344E-05 0.000134987 0.002172062 0.003450748 

range 0.00056 ± 0.00009 0.00081 ± 0.00013 0.0402 ± 0.0022 0.0589 ± 0.0035 

n 29 29 30 30 

 

 



 

269 

 

 

Bibliography 

   
 

Aaronson PI, Sarwar U, Gin S, et al. (2006) A role for voltage-gated, but not ca2+-
activated, k+ channels in regulating spontaneous contractile activity in 
myometrium from virgin and pregnant rats. Br J Pharmacol, 147, 815-24. 

Abramowicz JS, Archer DF (1990) Uterine endometrial peristalsis--a transvaginal 
ultrasound study. Fertil Steril, 54, 451-4. 

Agapitov AV, Haynes WG (2002) Role of endothelin in cardiovascular disease. J Renin 
Angiotensin Aldosterone Syst, 3, 1-15. 

Aguilar HN, Mitchell BF (2010a) Physiological pathways and molecular mechanisms 
regulating uterine contractility. Human Reproduction Update, 16, 725-744. 

Aguilar HN, Mitchell BF (2010b) Physiological pathways and molecular mechanisms 
regulating uterine contractility. Hum Reprod Update, 16, 725-44. 

Aherne WA, Dunnill MS (1982) Preparation of tissues: Sampling. In Morphometry (eds 
Aherne WA, Dunnill MS), pp. 19-32. London (UK): Edward Arnold. 

Aitken E, Khaund A, Hamid SA, Millan D, Campbell S (2006) The normal human 
myometrium has a vascular spatial gradient absent in small fibroids. Hum 
Reprod, 21, 2669-78. 

Al-Mehdi AB, Pastukh VM, Swiger BM, et al. (2012) Perinuclear mitochondrial 
clustering creates an oxidant-rich nuclear domain required for hypoxia-induced 
transcription. Sci Signal, 5, ra47. 

Albrecht JL, Atal NS, Tadros PN, et al. (1996) Rat uterine myometrium contains the gap 
junction protein connexin45, which has a differing temporal expression pattern 
from connexin43. Am J Obstet Gynecol, 175, 853-8. 

Allix S, Reyes-Gomez E, Aubin-Houzelstein G, et al. (2008) Uterine contractions depend 
on kit-positive interstitial cells in the mouse: Genetic and pharmacological 
evidence. Biol Reprod, 79, 510-7. 

Alm P, Alumets J, Hakanson R, et al. (1980) Vasoactive intestinal polypeptide nerves in 
the human female genital tract. Am J Obstet Gynecol, 136, 349-51. 

Alm P, Lundberg LM (1988) Co-existence and origin of peptidergic and adrenergic 
nerves in the guinea pig uterus - retrograde tracing and immunocytochemistry, 
effects of chemical sympathectomy, capsaicin treatment and pregnancy. Cell 
and Tissue Research, 254, 517-530. 

Alm P, Lundberg LM, Wharton J, Polak JM (1988a) Effects of pregnancy on the extrinsic 
innervation of the guinea pig uterus. A histochemical, immunohistochemical 
and ultrastructural study. The Histochemical Journal, 20, 414-426. 

Alm P, Lundberg LM, Wharton J, Polak JM (1988b) Organization of the guinea-pig 
uterine innervation. Distribution of immunoreactivities for different neuronal 
markers. Effects of chemical- and pregnancy-induced sympathectomy. The 
Histochemical Journal, 20, 290-300. 

Althoff RW, Albert EN (1970) Ultrastructural changes in mouse myometrium during 
pregnancy. Am J Obstet Gynecol, 108, 1224-33. 

Ambrus G, Rao CV (1994) Novel regulation of pregnant human myometrial smooth 
muscle cell gap junctions by human chorionic gonadotropin. Endocrinology, 
135, 2772-9. 



 

270 

 

Annibale DJ, Rosenfeld CR, Stull JT, Kamm KE (1990) Protein content and myosin light 
chain phosphorylation in uterine arteries during pregnancy. Am J Physiol, 259, 
C484-9. 

Anumba DO, Robson SC, Boys RJ, Ford GA (1999) Nitric oxide activity in the peripheral 
vasculature during normotensive and preeclamptic pregnancy. Am J Physiol, 
277, H848-54. 

Arnaudeau S, Lepretre N, Mironneau J (1994) Chloride and monovalent ion-selective 
cation currents activated by oxytocin in pregnant rat myometrial cells. Am J 
Obstet Gynecol, 171, 491-501. 

Aronica SM, Kraus WL, Katzenellenbogen BS (1994) Estrogen action via the camp 
signaling pathway: Stimulation of adenylate cyclase and camp-regulated gene 
transcription. Proc Natl Acad Sci U S A, 91, 8517-21. 

Arrowsmith S, Robinson H, Noble K, Wray S (2012) What do we know about what 
happens to myometrial function as women age? Journal of Muscle Research 
and Cell Motility. 

Attah AA, Hutson JM (1991) The anatomy of the female gubernaculum is different 
from the male. Aust N Z J Surg, 61, 380-4. 

Balducci J, Risek B, Gilula NB, Hand A, Egan JF, Vintzileos AM (1993) Gap junction 
formation in human myometrium: A key to preterm labor? Am J Obstet 
Gynecol, 168, 1609-15. 

Baluk P, Tammela T, Ator E, et al. (2005) Pathogenesis of persistent lymphatic vessel 
hyperplasia in chronic airway inflammation. J Clin Invest, 115, 247-57. 

Banerji S, Ni J, Wang S-X, et al. (1999) Lyve-1, a new homologue of the cd44 
glycoprotein, is a lymph-specific receptor for hyaluronan. The Journal of Cell 
Biology, 144, 789-801. 

Bao X, Reuss L, Altenberg GA (2004) Regulation of purified and reconstituted connexin 
43 hemichannels by protein kinase c-mediated phosphorylation of serine 368. J 
Biol Chem, 279, 20058-66. 

Barau G, Robillard PY, Hulsey TC, et al. (2006) Linear association between maternal 
pre-pregnancy body mass index and risk of caesarean section in term 
deliveries. BJOG: An International Journal of Obstetrics & Gynaecology, 113, 
1173-1177. 

Barba I, Chavarria L, Ruiz-Meana M, Mirabet M, Agulló E, Garcia-Dorado D (2009) 
Effect of intracellular lipid droplets on cytosolic ca2+ and cell death during 
ischaemia–reperfusion injury in cardiomyocytes. The Journal of Physiology, 587, 
1331-1341. 

Barr VA, Lane K, Taylor SI (1999) Subcellular localization and internalization of the four 
human leptin receptor isoforms. J Biol Chem, 274, 21416-24. 

Barrichon M, Hadi T, Wendremaire M, et al. (2015) Dose-dependent biphasic leptin-
induced proliferation is caused by non-specific il-6/nf-kappab pathway 
activation in human myometrial cells. Br J Pharmacol. 

Batra S (1982) Some aspects of calcium uptake by human myometrial mitochondria 
and microsomes relevant to relaxation. Acta Physiologica Scandinavica, 114, 
91-95. 

Batra SC (1973) Effect of some estrogens and progesterone on calcium uptake and 
calcium release by myometrial mitochondria. Biochemical Pharmacology, 22, 
803-809. 



 

271 

 

Baumbach J, Shi SQ, Shi L, Balducci J, Coonrod DV, Garfield RE (2012) Inhibition of 
uterine contractility with various tocolytics with and without progesterone: In 
vitro studies. Am J Obstet Gynecol, 206, 254.e1-5. 

Bayrampour H, Heaman M (2010) Advanced maternal age and the risk of cesarean 
birth: A systematic review. Birth, 37, 219-26. 

Belouzard S, Delcroix D, Rouille Y (2004) Low levels of expression of leptin receptor at 
the cell surface result from constitutive endocytosis and intracellular retention 
in the biosynthetic pathway. J Biol Chem, 279, 28499-508. 

Bernardi P (1999) Mitochondrial transport of cations: Channels, exchangers, and 
permeability transition. Physiol Rev, 79, 1127-55. 

Bianco A, Stone J, Lynch L, Lapinski R, Berkowitz G, Berkowitz RL (1996) Pregnancy 
outcome at age 40 and older. Obstet Gynecol, 87, 917-22. 

Blomberg M (2011) Maternal obesity and risk of postpartum hemorrhage. Obstetrics & 
Gynecology, 118, 561-568 10.1097/AOG.0b013e31822a6c59. 

Bolte A, Kontur L (1964) The oxygen consumption of an isolated pregnant rabbit uterus 
in its dependence of the gestation period. Arch Gynakol, 199, 345-353. 

Bond M, Somlyo AV (1982) Dense bodies and actin polarity in vertebrate smooth-
muscle. Journal of Cell Biology, 95, 403-413. 

Boroditsky RS, Reyes FI, Winter JS, Faiman C (1978) Maternal serum estrogen and 
progesterone concentrations preceding normal labor. Obstet Gynecol, 51, 686-
91. 

Bossy-Wetzel E, Petrilli A, Knott AB (2008) Mutant huntingtin and mitochondrial 
dysfunction. Trends Neurosci, 31, 609-16. 

Bottari SP, Vokaer A, Kaivez E, Lescrainier JP, Vauquelin G (1985) Regulation of alpha- 
and beta-adrenergic receptor subclasses by gonadal steroids in human 
myometrium. Acta Physiol Hung, 65, 335-46. 

Bouloumie A, Drexler HC, Lafontan M, Busse R (1998) Leptin, the product of ob gene, 
promotes angiogenesis. Circ Res, 83, 1059-66. 

Boyadzhieva M, Atanasova I, Zacharieva S, Kedikova S (2013) Adipocytokines during 
pregnancy and postpartum in women with gestational diabetes and healthy 
controls. J Endocrinol Invest, 36, 944-9. 

Boyle FC, Digges KG (1982) Effects of catecholamines on pregnant rat uterus. J Auton 
Pharmacol, 2, 97-102. 

Brainard AM, Miller AJ, Martens JR, England SK (2005) Maxi-k channels localize to 
caveolae in human myometrium: A role for an actin-channel-caveolin complex 
in the regulation of myometrial smooth muscle k+ current. Am J Physiol Cell 
Physiol, 289, C49-57. 

Breuiller-Fouche M, Doualla-Bell K, Bg M, F. F (1991) Alpha-l  adrenergic  receptor:  
Binding  and phosphoinositide  breakdown  in  human  myometrium.  . J 
Pharmacol Exp, 258, 82-87. 

Britton KA, Fox CS (2011) Perivascular adipose tissue and vascular disease. Clinical 
lipidology, 6, 79-91. 

Broderick R, Broderick K (1990) Ultrastructure and calcium stores in the myometrium. 
In Uterine function (eds Carsten M, Miller J), pp. 1-33. Springer US. 

Brown HK, Stoll BS, Nicosia SV, et al. (1991) Uterine junctional zone: Correlation 
between histologic findings and mr imaging. Radiology, 179, 409-413. 



 

272 

 

Bruzzone R, White TW, Goodenough DA (1996) The cellular internet: On-line with 
connexins. Bioessays, 18, 709-18. 

Bueler H (2009) Impaired mitochondrial dynamics and function in the pathogenesis of 
parkinson's disease. Exp Neurol, 218, 235-46. 

Bugg GJ, Riley MJ, Johnston TA, Baker PN, Taggart MJ (2006) Hypoxic inhibition of 
human myometrial contractions in vitro: Implications for the regulation of 
parturition. Eur J Clin Invest, 36, 133-40. 

Buhimschi I, Yallampalli C, Dong YL, Garfield RE (1995) Involvement of a nitric oxide-
cyclic guanosine monophosphate pathway in control of human uterine 
contractility during pregnancy. Am J Obstet Gynecol, 172, 1577-84. 

Bulbring E, Brading, A.F., Jones, A.W., Tomita, T. (1955) Correlation between 
membrane potential, spike discharge and tension in smooth muscle. Journal of 
Physiology  128, 200-221. 

Bulbring E, Tomita T (1987) Catecholamine action on smooth muscle. Pharmacol Rev, 
39, 49-96. 

Burns EM, Kruckeberg TW, Gaetano PK (1981) Changes with age in cerebral capillary 
morphology. Neurobiol Aging, 2, 283-91. 

Callegari SB, Resende EA, Barbosa Neto O, Rodrigues Junior V, Oliveira EM, Borges Mde 
F (2014) [obesity and cardiometabolic risk factors during pregnancy]. Rev Bras 
Ginecol Obstet, 36, 449-55. 

Casey ML, Smith J, Alsabrook G, Macdonald PC (1997) Activation of adenylyl cyclase in 
human myometrial smooth muscle cells by neuropeptides. J Clin Endocrinol 
Metab, 82, 3087-92. 

Castracane VD, Henson MC (2006) Leptin.). New York: Springer. 

Cavaille F, Janmot C, Ropert S, D'albis A (1986) Isoforms of myosin and actin in human, 
monkey and rat myometrium. Comparison of pregnant and non-pregnant 
uterus proteins. Eur J Biochem, 160, 507-13. 

Cha KS, Lee WC, Rudzik A, Miller JW (1965) A comparison of the catecholamine 
concentrations of uteri from several species and the alterations which occur 
during pregnancy. J Pharmacol Exp Ther, 148, 9-13. 

Challis J, Olson D (1988) Parturition. In The physiology of reproduction (eds Knobil E, 
Neill J), pp. 2177-2284. New 

York: Random Press. 
Chalubinski K, Deutinger J, Bernaschek G (1993) Vaginosonography for recording of 

cycle-related myometrial contractions. Fertil Steril, 59, 225-8. 
Chan JL, Blüher S, Yiannakouris N, Suchard MA, Kratzsch J, Mantzoros CS (2002) 

Regulation of circulating soluble leptin receptor levels by gender, adiposity, sex 
steroids, and leptin: Observational and interventional studies in humans. 
Diabetes, 51, 2105-2112. 

Chanrachakul B, Broughton Pipkin F, Khan RN (2004) Contribution of coupling between 
human myometrial beta2-adrenoreceptor and the bk(ca) channel to uterine 
quiescence. Am J Physiol Cell Physiol, 287, C1747-52. 

Chen BC, Legant WR, Wang K, et al. (2014) Lattice light-sheet microscopy: Imaging 
molecules to embryos at high spatiotemporal resolution. Science, 346, 
1257998. 



 

273 

 

Chow L, Lye SJ (1994) Expression of the gap junction protein connexin-43 is increased 
in the human myometrium toward term and with the onset of labor. Am J 
Obstet Gynecol, 170, 788-95. 

Chwalisz K, Fahrenholz F, Hackenberg M, Garfield R, Elger W (1991) The progesterone 
antagonist onapristone increases the effectiveness of oxytocin to produce 
delivery without changing the myometrial oxytocin receptor concentrations. 
Am J Obstet Gynecol, 165, 1760-70. 

Ciontea SM, Radu E, Regalia T, et al. (2005) C-kit immunopositive interstitial cells (cajal-
type) in human myometrium. J Cell Mol Med, 9, 407-20. 

Cipolla M, Osol G (1994) Hypertrophic and hyperplastic effects of pregnancy on the rat 
uterine arterial wall. Am J Obstet Gynecol, 171, 805-11. 

Cipolla MJ, Binder ND, Osol G (1997) Myoendometrial versus placental uterine arteries: 
Structural, mechanical, and functional differences in late-pregnant rabbits. Am J 
Obstet Gynecol, 177, 215-21. 

Cluff AH, Bystrom B, Klimaviciute A, et al. (2006) Prolonged labour associated with 
lower expression of syndecan 3 and connexin 43 in human uterine tissue. 
Reprod Biol Endocrinol, 4, 24. 

Coad J, Dunstall M (2005) Anatomy and physiology for midwives.), pp. 47. Edinburgh; 
New York: Elsevier Churchill Livingstone. 

Cole RE, Garfield RE (1989a) Ultrastructure of the myometrium. In Biology of the uterus 
(eds Wynn RM, Jolie PJ). New York: Plenum Press. 

Cole WC, Garfield RE (1989b) Ultrastructure of the myometrium. In Biology of the 
uterus (eds Cole WE, Garfield RE), pp. 455-504. New York (NY): Plenum Press. 

Coleman HA, Mcshane PG, Parkington HC (1988) Gestational changes in the utilization 
of intracellularly stored calcium in the myometrium of guinea-pigs. J Physiol, 
399, 13-32. 

Collins PL, Moore JJ, Lundgren DW, Choobineh E, Chang SM, Chang AS (2000) 
Gestational changes in uterine l-type calcium channel function and expression 
in guinea pig. Biology of Reproduction, 63, 1262-1270. 

Condon JC, Jeyasuria P, Faust JM, Mendelson CR (2004) Surfactant protein secreted by 
the maturing mouse fetal lung acts as a hormone that signals the initiation of 
parturition. Proc Natl Acad Sci U S A, 101, 4978-83. 

Condon JC, Jeyasuria P, Faust JM, Wilson JW, Mendelson CR (2003) A decline in the 
levels of progesterone receptor coactivators in the pregnant uterus at term 
may antagonize progesterone receptor function and contribute to the initiation 
of parturition. Proc Natl Acad Sci U S A, 100, 9518-23. 

Conley KE, Jubrias SA, Esselman PC (2000) Oxidative capacity and ageing in human 
muscle. J Physiol, 526 203-10. 

Considine RV, Sinha MK, Heiman ML, et al. (1996) Serum immunoreactive-leptin 
concentrations in normal-weight and obese humans. New England Journal of 
Medicine, 334, 292-295. 

Cooper GM (2000) The cell: A molecular approach. In Meiosis and Fertilization (ed Cooper GM). 
Sunderland, MA: Sinauer Associates. 

Cota D, Proulx K, Smith KA, et al. (2006) Hypothalamic mtor signaling regulates food 
intake. Science, 312, 927-30. 

Coupland RE (1962) Histochemical observations on the distribution of cholinesterase in 
the human uterus. J Obstet Gynaecol Br Emp, 69, 1041-3. 



 

274 

 

Crankshaw DJ (2001) Pharmacological techniques for the in vitro study of the uterus. 
Journal of Pharmacological and Toxicological Methods, 45, 123-140. 

Crankshaw DJ, Morrison JJ (2011) Methodology and pharmacological analysis of effects 
of uterotonic compounds in human myometrium in vitro. American Journal of 
Obsterics and Gynecology, 205, 155 e1-6. 

Crankshaw DJ, Sweeney EM, O'brien YM, Walsh JM, Dockery P, Morrison JJ (2014) The 
influence of smooth muscle content and orientation in dissected human 
pregnant myometrial strips on contractility measurements. Eur J Pharmacol, 
738, 245-9. 

Cretoiu D, Ciontea SM, Popescu LM, Ceafalan L, Ardeleanu C (2006) Interstitial cajal-
like cells (iclc) as steroid hormone sensors in human myometrium: 
Immunocytochemical approach. J Cell Mol Med, 10, 789-95. 

Creţoiu SM, Creţoiu D, Popescu LM (2012) Human myometrium – the ultrastructural 
3d network of telocytes. Journal of Cellular and Molecular Medicine, 16, 2844-
2849. 

Csapo AI (1954) The molecular basis of myometrial function and its disorders. In La 
prophylaxie en gynecologie et obstetrique). Geneva: Libraire Universelle 
George. 

Csapo AI (1962) Smooth muscle as a contractile unit. Physiological Reviews 
Supplement, 5, 7-33. 

Csapo AI, Knobil E, Van Der Molen HJ, Wiest WG (1971) Peripheral plasma 
progesterone levels during human pregnancy and labor. Am J Obstet Gynecol, 
110, 630-2. 

Cui H, Cai F, Belsham DD (2006) Leptin signaling in neurotensin neurons involves stat, 
map kinases erk1/2, and p38 through c-fos and atf1. Faseb j, 20, 2654-6. 

Cui H, Kong Y, Zhang H (2012) Oxidative stress, mitochondrial dysfunction, and aging. 
Journal of Signal Transduction, 2012, 1-13. 

Cunningham FG, Leveno KJ, Bloom SL, Hauth JC, Gilstrap LC, Wenstrom KD (2005) 
Maternal anatomy. In Williams obstetrics (eds Cunningham FG, Leveno KJ, 
Bloom SL, Hauth JC, Gilstrap LC, Wenstrom KD), pp. 15-37. New York: McGraw 
Hill. 

Davis EC, Shivers RR (1992) Ordered distribution of membrane-associated dense 
plaques in intact quail gizzard smooth muscle cells revealed by freeze-fracture 
following treatment with cholesterol probes. The Anatomical Record, 232, 385-
392. 

Dbouk HA, Mroue RM, El-Sabban ME, Talhouk RS (2009) Connexins: A myriad of 
functions extending beyond assembly of gap junction channels. Cell Commun 
Signal, 7, 4. 

De Vries K, Lyons EA, Ballard G, Levi CS, Lindsay DJ (1990) Contractions of the inner 
third of the myometrium. Am J Obstet Gynecol, 162, 679-82. 

De Ziegler D, Bulletti C, Fanchin R, Epiney M, Brioschi PA (2001) Contractility of the 
nonpregnant uterus: The follicular phase. Ann N Y Acad Sci, 943, 172-84. 

Dennedy MC, Houlihan DD, Mcmillan H, Morrison JJ (2002) Β2- and β3-adrenoreceptor 
agonists: Human myometrial selectivity and effects on umbilical artery tone. 
American Journal of Obstetrics and Gynecology, 187, 641-647. 

Dessouky DA (1969) Fine structural changes of the uterine smooth muscle cell 
boundary during gestation. Am J Obstet Gynecol, 103, 1117-24. 



 

275 

 

Dessouky DA (1976) Ultrastructural observations of the human uterine smooth muscle 
cells during gestation. Am J Obstet Gynecol, 125, 1099-107. 

Devine CE, Rayns DG (1975) Freeze-fracture studies of membrane systems in 
vertebrate muscle. Ii. Smooth muscle. J Ultrastruct Res, 51, 293-306. 

Di Iorio R, Marinoni E, Letizia C, Cosmi EV (2003) Adrenomedullin in perinatal medicine. 
Regul Pept, 112, 103-13. 

Di WL, Lachelin GC, Mcgarrigle HH, Thomas NS, Becker DL (2001) Oestriol and 
oestradiol increase cell to cell communication and connexin43 protein 
expression in human myometrium. Mol Hum Reprod, 7, 671-9. 

Diaz G, Melis M, Batetta B, Angius F, Falchi AM (2008) Hydrophobic characterization of 
intracellular lipids in situ by nile red red/yellow emission ratio. Micron, 39, 819-
24. 

Dick GM, Kong ID, Sanders KM (1999) Effects of anion channel antagonists in canine 
colonic myocytes: Comparative pharmacology of cl-, ca2+ and k+ currents. Br J 
Pharmacol, 127, 1819-31. 

Dickinson A, Yeung KY, Donoghue J, et al. (2013) The regulation of mitochondrial DNA 
copy number in glioblastoma cells. Cell Death Differ, 20, 1644-1653. 

Dixit A, Girling JC (2008) Obesity and pregnancy. Journal of Obstetrics & Gynaecology, 
28, 14-23. 

Dockery P, Perret S, Rogers Paw, et al. (2000) Endometrial morphology and the 
endometrial vascular bed. In Disorders of the menstrual cycle (eds O’brien S, 
Cameron I, A M), pp. p43-55. London: RCOG Press. 

Dogan S, Deshpande DA, Kannan MS, Walseth TF (2004) Changes in cd38 expression 
and adp-ribosyl cyclase activity in rat myometrium during pregnancy: Influence 
of sex steroid hormones. Biol Reprod, 71, 97-103. 

Doheny HC, Houlihan DD, Ravikumar N, Smith TJ, Morrison JJ (2003) Human chorionic 
gonadotrophin relaxation of human pregnant myometrium and activation of 
the bkca channel. J Clin Endocrinol Metab, 88, 4310-5. 

Doheny HC, Lynch CM, Smith TJ, Morrison JJ (2005) Functional coupling of beta3-
adrenoceptors and large conductance calcium-activated potassium channels in 
human uterine myocytes. J Clin Endocrinol Metab, 90, 5786-96. 

Doherty GH, Oldreive C, Harvey J (2008) Neuroprotective actions of leptin on central 
and peripheral neurons in vitro. Neuroscience, 154, 1297-307. 

Domali E, Messinis IE (2002) Leptin in pregnancy. J Matern Fetal Neonatal Med, 12, 
222-30. 

Draeger A, Amos WB, Ikebe M, Small JV (1990) The cytoskeletal and contractile 
apparatus of smooth muscle: Contraction bands and segmentation of the 
contractile elements. J Cell Biol, 111, 2463-73. 

Dressing GE, Goldberg JE, Charles NJ, Schwertfeger KL, Lange CA (2011) Membrane 
progesterone receptor expression in mammalian tissues: A review of regulation 
and physiological implications. Steroids, 76, 11-17. 

Drummond RM, Fay FS (1996) Mitochondria contribute to ca2+ removal in smooth 
muscle cells. Pflugers Arch, 431, 473-82. 

Ducharme NA, Bickel PE (2008) Lipid droplets in lipogenesis and lipolysis. 
Endocrinology, 149, 942-9. 

Dujovne AR, De Laborde NP, Carril LM, Cheviakoff S, Pedroza E, Rosner JM (1976) 
Correlation between catecholamine content of the human fallopian tube and 



 

276 

 

the uterus and plasma levels of estradiol and progesterone. American Journal 
of Obstetrics and Gynecology, 124, 229-233. 

Dumont O, Loufrani L, Henrion D (2007) Key role of the no-pathway and matrix 
metalloprotease-9 in high blood flow-induced remodeling of rat resistance 
arteries. Arterioscler Thromb Vasc Biol, 27, 317-24. 

Duquette RA, Shmygol A, Vaillant C, et al. (2005) Vimentin-positive, c-kit-negative 
interstitial cells in human and rat uterus: A role in pacemaking? Biol Reprod, 72, 
276-83. 

Ellerbroek SM, Wennerberg K, Burridge K (2003) Serine phosphorylation negatively 
regulates rhoa in vivo. J Biol Chem, 278, 19023-31. 

Ellis MJ, Livesey JH, Inder WJ, Prickett TC, Reid R (2002) Plasma corticotropin-releasing 
hormone and unconjugated estriol in human pregnancy: Gestational patterns 
and ability to predict preterm delivery. Am J Obstet Gynecol, 186, 94-9. 

Emanuel RL, Robinson BG, Seely EW, et al. (1994) Corticotrophin releasing hormone 
levels in human plasma and amniotic fluid during gestation. Clin Endocrinol 
(Oxf), 40, 257-62. 

Erami C, Zhang H, Tanoue A, Tsujimoto G, Thomas SA, Faber JE (2005) Adrenergic 
catecholamine trophic activity contributes to flow-mediated arterial 
remodeling. Am J Physiol Heart Circ Physiol, 289, H744-53. 

Esler M, Rumantir M, Kaye D, Lambert G (2001) The sympathetic neurobiology of 
essential hypertension: Disparate influences of obesity, stress, and 
noradrenaline transporter dysfunction? Am J Hypertens, 14, 139s-146s. 

Evans WH, De Vuyst E, Leybaert L (2006) The gap junction cellular internet: Connexin 
hemichannels enter the signalling limelight. Biochem J, 397, 1-14. 

Fallowfield ME, Cook MG (1990) Lymphatics in primary cutaneous melanoma. Am J 
Surg Pathol, 14, 370-4. 

Farese RV, Jr., Walther TC (2009) Lipid droplets finally get a little r-e-s-p-e-c-t. Cell, 139, 
855-60. 

Farley DM, Choi J, Dudley DJ, et al. (2010) Placental amino acid transport and placental 
leptin resistance in pregnancies complicated by maternal obesity. Placenta, 31, 
718-724. 

Farrer-Brown G, Beilby JO, Tarbit MH (1970) The blood supply of the uterus. 1. Arterial 
vasculature. J Obstet Gynaecol Br Commonw, 77, 673-81. 

Farrugia G, Holm AN, Rich A, Sarr MG, Szurszewski JH, Rae JL (1999) A 
mechanosensitive calcium channel in human intestinal smooth muscle cells. 
Gastroenterology, 117, 900-5. 

Fattah C, Farah N, Barry SC, O'connor N, Stuart B, Turner MJ (2012) Maternal weight and body 
composition in the first trimester of pregnancy.), pp. 952-5. 

Fei W, Shui G, Zhang Y, et al. (2011a) A role for phosphatidic acid in the formation of 
"supersized" lipid droplets. PLoS Genet, 7, e1002201. 

Fei W, Shui G, Zhang Y, et al. (2011b) A role for phosphatidic acid in the formation of 
“supersized” lipid droplets. PLoS Genetics, 7, e1002201. 

Fernandes MS, Pierron V, Michalovich D, et al. (2005) Regulated expression of putative 
membrane progestin receptor homologues in human endometrium and 
gestational tissues. J Endocrinol, 187, 89-101. 

Fernandez-Galaz C, Fernandez-Agullo T, Campoy F, et al. (2001) Decreased leptin 
uptake in hypothalamic nuclei with ageing in wistar rats. Journal of 
Endocrinology, 171, 23-32. 



 

277 

 

Foot NC (1933) The masson trichrome staining methods in routine laboratory use. 
Biotechnic & Histochemistry, 8, 101-110. 

Fried G, Hokfelt T, Lundberg JM, Terenius L, Hamberger L (1986) Neuropeptide y and 
noradrenaline in human uterus and myometrium during normal and pre-
eclamptic pregnancy. Human Reproduction, 1, 359-364. 

Friel AM, Curley M, Ravikumar N, Smith TJ, Morrison JJ (2005) Rho a/rho kinase mrna 
and protein levels in human myometrium during pregnancy and labor. J Soc 
Gynecol Investig, 12, 20-7. 

Fry T, Evans JH, Sanderson MJ (2001) Propagation of intercellular calcium waves in c6 
glioma cells transfected with connexins 43 or 32. Microsc Res Tech, 52, 289-
300. 

Fuchs AR, Romero R, Keefe D, Parra M, Oyarzun E, Behnke E (1991) Oxytocin secretion 
and human parturition: Pulse frequency and duration increase during 
spontaneous labor in women. Am J Obstet Gynecol, 165, 1515-23. 

Fujimoto T, Ohsaki Y, Cheng J, Suzuki M, Shinohara Y (2008) Lipid droplets: A classic 
organelle with new outfits. Histochem Cell Biol, 130, 263-79. 

Fukumoto S, Fujimoto T (2002) Deformation of lipid droplets in fixed samples. 
Histochem Cell Biol, 118, 423-8. 

Gabbe S, Niebyl J, Simpson J, et al. (2012) Obstetrics: Normal and problem pregnancies, 
Elsevier, Netherlands. 

Gabella G (1979) Hypertrophic smooth muscle. I. Size and shape of cells, occurrence of 
mitoses. Cell Tissue Res, 201, 63-78. 

Gabella G (1981) Structure of smooth muscles. In Smooth muscle: An assessment of 
current knowledge (ed Bulbring E, Brading, A.F., Jones, A.W., Tomita, T.), pp. 1-
46. London (UK): Edward Arnold. 

Gabella G (1984) Structural apparatus for force transmission in smooth muscles. 
Physiol Rev, 64, 455-77. 

Gabella G (1990a) General aspects of the fine structure of smooth muscles. In 
Ultrastructure of smooth muscle (ed Motta PM), pp. 1-23. London (UK): Kluwer 
Academic Publishers. 

Gabella G (1990b) Hypertrophy of visceral smooth muscle. Anat Embryol (Berl), 182, 
409-24. 

Gabella G (1997) Morphology of smooth muscle. In Cellular aspects of smooth muscle 
function (eds Kao CY, Carsten ME), pp. 1–47. Cambridge Cambridge University 
Press. 

Gabella G, Blundell D (1978) Effect of stretch and contraction on caveolae of smooth 
muscle cells. Cell Tissue Res, 190, 255-71. 

Garfield RE, Ali M, Yallampalli C, Izumi H (1995) Role of gap junctions and nitric oxide in 
control of myometrial contractility. Semin Perinatol, 19, 41-51. 

Garfield RE, Daniel EE (1976) Light and dark smooth muscle cells in estrogen-
stimulated rat myometrium. Canadian Journal of Physiology and Pharmacology, 
54, 822-833. 

Garfield RE, Somlyo AP (1985) Structure of smooth muscle. In Calcium and contractility 
(ed Grover AK, Daniels, E.E.), pp. 1-36. New Jersey (NJ): Humana Press. 

Garfield RE, Yallampalli C (1994) Structure and function of uterine smooth muscle. In 
The uterus (eds Chard T, Jg G), pp. 54-93. Cambridge, UK: Cambridge University 
Press. 



 

278 

 

Gavrilova O, Barr V, Marcus-Samuels B, Reitman M (1997) Hyperleptinemia of 
pregnancy associated with the appearance of a circulating form of the leptin 
receptor. Journal of Biological Chemistry, 272, 30546-30551. 

Geagan MB, Haller JO, Cohen HL (1997) Pediatric gynecologic ultrasound. In Obstetrics 
and gynecology (eds Berman MC, Cohen HL), pp. 95-112. Philadelphia; New 
York: Lippincott-Raven. 

Gerdes AM, Morales MC, Handa V, Moore JA, Alvarez MR (1991) Nuclear size and DNA 
content in rat cardiac myocytes during growth, maturation and aging. Journal 
of Molecular and Cellular Cardiology 23, 833-9. 

Giangrande PH, Kimbrel EA, Edwards DP, Mcdonnell DP (2000) The opposing 
transcriptional activities of the two isoforms of the human progesterone 
receptor are due to differential cofactor binding. Mol Cell Biol, 20, 3102-15. 

Goerttler (1930) Die acrchitektur der muskelwand des menschlichen uterus und ihre 
funktionelle bedeutung. American Journal of Obstetrics and Gynecology, 44. 

Gokina NI, Mandala M, Osol G (2003) Induction of localized differences in rat uterine 
radial artery behavior and structure during gestation. Am J Obstet Gynecol, 189, 
1489-93. 

Goldberg GS, Valiunas V, Brink PR (2004) Selective permeability of gap junction 
channels. Biochim Biophys Acta, 1662, 96-101. 

Gordon D, Milberg J, Daling J, Hickok D (1991) Advanced maternal age as a risk factor 
for cesarean delivery. Obstetrics and Gynecology, 77, 493-497. 

Gorecka A, Aksoy MO, Hartshorne DJ (1976) The effect of phosphorylation of gizzard 
myosin on actin activation. Biochem Biophys Res Commun, 71, 325-31. 

Gouspillou G, Picard M, Godin R, Burelle Y, Hepple RT (2013) Role of peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha (pgc-1alpha) in 
denervation-induced atrophy in aged muscle: Facts and hypotheses. Longev 
Healthspan, 2, 13. 

Grammatopoulos DK, Hillhouse EW (1999) Role of corticotropin-releasing hormone in 
onset of labour. Lancet, 354, 1546-9. 

Grandas OH, Mountain DH, Kirkpatrick SS, et al. (2009) Regulation of vascular smooth 
muscle cell expression and function of matrix metalloproteinases is mediated 
by estrogen and progesterone exposure. J Vasc Surg, 49, 185-91. 

Granstrom L, Ekman G, Malmstrom A (1991) Insufficient remodelling of the uterine 
connective tissue in women with protracted labour. Br J Obstet Gynaecol, 98, 
1212-6. 

Gray H, Lewis WH (1918) The veins, anatomy of the human body. In Anatomy of the 
human body (eds Gray H, Lewis WH). Philadelphia: Lea & Febiger. 

Griendling KK, Fuller EO, Cox RH (1985) Pregnancy-induced changes in sheep uterine 
and carotid arteries. Am J Physiol, 248, H658-65. 

Gruber CM (1933) The autonomic innervation of the genito-urinary system. 
Gruninger B, Schoon HA, Schoon D, Menger S, Klug E (1998) Incidence and morphology 

of endometrial angiopathies in mares in relationship to age and parity. J Comp 
Pathol, 119, 293-309. 

Guenther AE, Conley AJ, Van Orden DE, Farley DB, Ford SP (1988) Structural and 
mechanical changes of uterine arteries during pregnancy in the pig. J Anim Sci, 
66, 3144-52. 

Gundersen HJ (1988) The nucleator. Journal of Microscopy, 151, 3-21. 



 

279 

 

Gundersen HJ, Bagger P, Bendtsen TF, et al. (1988) The new stereological tools: 
Disector, fractionator, nucleator and point sampled intercepts and their use in 
pathological research and diagnosis. Acta Pathologica, Microbiologica et 
Immunologica Scandinavica, 96, 857-81. 

Gundersen HJ, Jensen EB (1987) The efficiency of systematic sampling in stereology 
and its prediction. J Microsc, 147, 229-63. 

Gurney AM, Drummond RM, Fay FS (2000) Calcium signalling in sarcoplasmic 
reticulum, cytoplasm and mitochondria during activation of rabbit aorta 
myocytes. Cell Calcium, 27, 339-51. 

Hagiwara Y, Nishina Y, Yorifuji H, Kikuchi T (2002) Immunolocalization of caveolin-1 and 
caveolin-3 in monkey skeletal, cardiac and uterine smooth muscles. Cell Struct 
Funct, 27, 375-82. 

Hakkinen LM, Vuolteenaho OJ, Leppaluoto JP, Laatikainen TJ (1992) Endothelin in 
maternal and umbilical cord blood in spontaneous labor and at elective 
cesarean delivery. Obstetrics and Gynecology, 80, 72-75. 

Happola O, Lakomy M, Majewski M, Yanaihara N (1991) Distribution of somatostatin- 
and neuropeptide y-immunoreactive nerve fibers in the porcine female 
reproductive system. Neurosci Lett, 122, 273-6. 

Harrison N, Larcombe-Mcdouall JB, Earley L, Wray S (1994) An in vivo study of the 
effects of ischaemia on uterine contraction, intracellular ph and metabolites in 
the rat. The Journal of Physiology, 476, 349-354. 

Harrod JS, Rada CC, Pierce SL, England SK, Lamping KG (2011) Altered contribution of 
rhoa/rho kinase signaling in contractile activity of myometrium in leptin 
receptor-deficient mice. Am J Physiol Endocrinol Metab, 301, E362-9. 

Hayward CE, Cowley EJ, Mills TA, Sibley CP, Wareing M (2014) Maternal obesity impairs 
specific regulatory pathways in human myometrial arteries. Biology of 
Reproduction, 90, 65, 1-9. 

He J, Goodpaster BH, Kelley DE (2004) Effects of weight loss and physical activity on 
muscle lipid content and droplet size. Obesity Research, 12, 761-769. 

Hees H, Moll W, Wrobel KH, Hees I (1987) Pregnancy-induced structural changes and 
trophoblastic invasion in the segmental mesometrial arteries of the guinea pig 
(cavia porcellus l.). Placenta, 8, 609-26. 

Hehir MP, Glavey SV, Morrison JJ (2008a) Uterorelaxant effect of ghrelin on human 
myometrial contractility. Am J Obstet Gynecol, 198, 323 e1-5. 

Hehir MP, Glavey SV, Morrison JJ (2008b) Uterorelaxant effect of ghrelin on human 
myometrial contractility. American Journal of Obstetrics & Gynecology, 198, 
323.e1-323.e5. 

Hehir MP, Morrison JJ (2012a) The adipokine apelin and human uterine contractility. 
Am J Obstet Gynecol, 206, 359 e1-5. 

Hehir MP, Morrison JJ (2012b) The adipokine apelin and human uterine contractility. 
Am J Obstet Gynecol, 206, 359.e1-5. 

Helmchen F, Denk W (2005) Deep tissue two-photon microscopy. Nat Methods, 2, 932-
40. 

Hendrix EM, Mao SJ, Everson W, Larsen WJ (1992) Myometrial connexin 43 trafficking 
and gap junction assembly at term and in preterm labor. Mol Reprod Dev, 33, 
27-38. 



 

280 

 

Hernandez OM, Jones M, Guzman G, Szczesna-Cordary D (2007) Myosin essential light 
chain in health and disease. Am J Physiol Heart Circ Physiol, 292, H1643-54. 

Hertzberg EL (2000) Gap junctions, Jai Press, Stamford, Conn. 
Herve MA, Meduri G, Petit FG, et al. (2006) Regulation of the vascular endothelial 

growth factor (vegf) receptor flk-1/kdr by estradiol through vegf in uterus. J 
Endocrinol, 188, 91-9. 

Higgins CA, Martin W, Anderson L, et al. (2010) Maternal obesity and its relationship 
with spontaneous and oxytocin-induced contractility of human myometrium in 
vitro. Reprod Sci, 17, 177-85. 

Hill-Eubanks DC, Werner ME, Heppner TJ, Nelson MT (2011) Calcium signaling in 
smooth muscle. Cold Spring Harb Perspect Biol, 3, a004549. 

Hirai K, Aliev G, Nunomura A, et al. (2001) Mitochondrial abnormalities in alzheimer's 
disease. J Neurosci, 21, 3017-23. 

Hobel CJ, Dunkel-Schetter C, Roesch SC, Castro LC, Arora CP (1999) Maternal plasma 
corticotropin-releasing hormone associated with stress at 20 weeks' gestation 
in pregnancies ending in preterm delivery. Am J Obstet Gynecol, 180, S257-63. 

Hogan MC, Foreman KJ, Naghavi M, et al. (2010) Maternal mortality for 181 countries, 
1980-2008: A systematic analysis of progress towards millennium development 
goal 5. Lancet, 375, 1609-23. 

Hollestelle SC, De Vries MR, Van Keulen JK, et al. (2004) Toll-like receptor 4 is involved 
in outward arterial remodeling. Circulation, 109, 393-8. 

Holthofer H, Virtanen I, Kariniemi AL, Hormia M, Linder E, Miettinen A (1982) Ulex 
europaeus i lectin as a marker for vascular endothelium in human tissues. Lab 
Invest, 47, 60-6. 

Horn LC, Meinel A, Hentschel B (2012) C-kit/cd 117 positive cells in the myometrium of 
pregnant women and those with uterine endometriosis. Arch Gynecol Obstet, 
286, 105-7. 

Hotta H, Uchida S, Shimura M, Suzuki H (1999) Uterine contractility and blood flow are 
reflexively regulated by cutaneous afferent stimulation in anesthetized rats. J 
Auton Nerv Syst, 75, 23-31. 

Howard C, Reed M (1998a) Unbiased stereology. Three-dimensional measurement in 
microscopy, BIOS Scientific Publishers, Oxford. 

Howard CV, Reed MG (1998b) Volume fraction. In Unbiased stereology (eds Howard 
CV, Reed MG), pp. 61-74. Liverpool, UK: QTP Publications. 

Hughes L, Hawes C, Monteith S, Vaughan S (2014) Serial block face scanning electron 
microscopy--the future of cell ultrastructure imaging. Protoplasma, 251, 395-
401. 

Hurd WW, Gibbs SG, Rudinsky KA (2008) Differential regulation of myometrial 
prostaglandin production by changes in length. Am J Obstet Gynecol, 198, 225 
e1-4. 

Huszar G, Roberts JM (1982) Biochemistry and pharmacology of the myometrium and 
labor: Regulation at the cellular and molecular levels. Am J Obstet Gynecol, 142, 
225-37. 

Hutchings G, Deprest J, Nilius B, Roskams T, De Ridder D (2006) The effect of imatinib 
mesylate on the contractility of isolated rabbit myometrial strips. Gynecol 
Obstet Invest, 62, 79-83. 



 

281 

 

Hutchings G, Gevaert T, Deprest J, Nilius B, De Ridder D (2008a) Effect of prolonged c-
kit receptor inhibition by imatinib mesylate on the uterine contractility of 
pregnant rabbits. Gynecol Obstet Invest, 65, 108-11. 

Hutchings G, Gevaert T, Deprest J, et al. (2008b) Immunohistochemistry using an 
antibody to unphosphorylated connexin 43 to identify human myometrial 
interstitial cells. Reprod Biol Endocrinol, 6, 43. 

Hutchings G, Williams O, Cretoiu D, Ciontea SM (2009) Myometrial interstitial cells and 
the coordination of myometrial contractility. J Cell Mol Med, 13, 4268-82. 

Ijland MM, Evers JL, Dunselman GA, Van Katwijk C, Lo CR, Hoogland HJ (1996) 
Endometrial wavelike movements during the menstrual cycle. Fertil Steril, 65, 
746-9. 

Imaizumi Y, Ohi Y, Yamamura H, Morimura K, Muraki K (2003) Ca2+ release through 
ryanodine receptors in the sarcoplasmic reticulum and ca2+ sequestration by 
the mitochondria in smooth muscle cells. Neurophysiology, 35, 169-174. 

Inoue Y, Sperelakis N (1991) Gestational change in na+ and ca2+ channel current 
densities in rat myometrial smooth muscle cells. Am J Physiol, 260, C658-63. 

Isidori AM, Strollo F, More M, et al. (2000) Leptin and aging: Correlation with 
endocrine changes in male and female healthy adult populations of different 
body weights. J Clin Endocrinol Metab, 85, 1954-62. 

Jackson DG (2003) The lymphatics revisited: New perspectives from the hyaluronan 
receptor lyve-1. Trends in Cardiovascular Medicine, 13, 1-7. 

Ji G, Barsotti RJ, Feldman ME, Kotlikoff MI (2002) Stretch-induced calcium release in 
smooth muscle. The Journal of General Physiology, 119, 533-543. 

Jie Zhang, Kendrick A, Quenby S, Wray S (2007) Contractility and calcium signaling of 
human myometrium are profoundly affected by cholesterol manipulation: 
Implications for labor? Reproductive Sciences, 14, 456-466. 

Jmari K, Mironneau C, Mironneau J (1986) Inactivation of calcium channel current in 
rat uterine smooth muscle: Evidence for calcium- and voltage-mediated 
mechanisms. J Physiol, 380, 111-26. 

Johansson B (1984) Different types of smooth muscle hypertrophy. Hypertension, 6, 
III64-8. 

Johnson RF, Mitchell CM, Clifton V, Zakar T (2004) Regulation of 15-
hydroxyprostaglandin dehydrogenase (pgdh) gene activity, messenger 
ribonucleic acid processing, and protein abundance in the human chorion in 
late gestation and labor. J Clin Endocrinol Metab, 89, 5639-48. 

Jones K, Shmygol A, Kupittayanant S, Wray S (2004) Electrophysiological 
characterization and functional importance of calcium-activated chloride 
channel in rat uterine myocytes. Pflugers Arch, 448, 36-43. 

Jorgensen P, Edgington NP, Schneider BL, Rupeš I, Tyers M, Futcher B (2007) The size of 
the nucleus increases as yeast cells grow. Molecular Biology of the Cell, 18, 
3523-3532. 

Jouaville LS, Pinton P, Bastianutto C, Rutter GA, Rizzuto R (1999) Regulation of 
mitochondrial atp synthesis by calcium: Evidence for a long-term metabolic 
priming. Proc Natl Acad Sci U S A, 96, 13807-12. 

Kao C (1989) Electrophysiological properties of uterine smooth muscle. In Biology of 
the uterus (ed Wynn RM). New York: Plenum Press. 



 

282 

 

Kao CV (1977) Electrophysiological properties of the uterine smooth muscle. In Biology 
of the uterus (ed Wynn RM), pp. 423-84. New York (NY): Plenum Press. 

Kao CY, Carsten ME (1997) Cellular aspects of smooth muscle function, Cambridge 
University Press. 

Karaki H, Ozaki H, Hori M, et al. (1997) Calcium movements, distribution, and functions 
in smooth muscle. Pharmacological Reviews, 49, 157-230. 

Kargacin GJ, Cooke PH, Abramson SB, Fay FS (1989) Periodic organization of the 
contractile apparatus in smooth-muscle revealed by the motion of dense 
bodies in single cells. Journal of Cell Biology, 108, 1465-1475. 

Karibe H, Oishi K, Uchida MK (1991) Involvement of protein kinase c in ca(2+)-
independent contraction of rat uterine smooth muscle. Biochem Biophys Res 
Commun, 179, 487-94. 

Karteris E, Zervou S, Pang Y, et al. (2006) Progesterone signaling in human 
myometrium through two novel membrane g protein-coupled receptors: 
Potential role in functional progesterone withdrawal at term. Mol Endocrinol, 
20, 1519-34. 

Kawano Y, Fukata Y, Oshiro N, et al. (1999) Phosphorylation of myosin-binding subunit 
(mbs) of myosin phosphatase by rho-kinase in vivo. J Cell Biol, 147, 1023-38. 

Keelan JA, Marvin KW, Sato TA, Coleman M, Mccowan LM, Mitchell MD (1999) 
Cytokine abundance in placental tissues: Evidence of inflammatory activation in 
gestational membranes with term and preterm parturition. Am J Obstet 
Gynecol, 181, 1530-6. 

Kelley DB, Abt AB (1993) Uniform tissue sections cut with a double-bladed scalpel. 
Journal of Histotechnology, 16, 363-364. 

Keresztes P, Ayers JW, Menon KM, Romani T (1988) Comparison of peripheral, uterine 
and cord estrogen and progesterone levels in laboring and nonlaboring women 
at term. J Reprod Med, 33, 691-4. 

Kilarski WM, Dupont E, Coppen S, et al. (1998) Identification of two further gap-
junctional proteins, connexin40 and connexin45, in human myometrial smooth 
muscle cells at term. Eur J Cell Biol, 75, 1-8. 

Kilarski WM, Rothery S, Roomans GM, et al. (2001) Multiple connexins localized to 
individual gap-junctional plaques in human myometrial smooth muscle. 
Microsc Res Tech, 54, 114-22. 

Kim B, Kim YS, Ahn J, et al. (2003a) Conventional-type protein kinase c contributes to 
phorbol ester-induced inhibition of rat myometrial tension. Br J Pharmacol, 
139, 408-14. 

Kim Y-S, Kim B, Karaki H, Hori M, Ozaki H (2003b) Up-regulation of rnd1 during 
pregnancy serves as a negative-feedback control for ca2+ sensitization of 
contractile elements in rat myometrium. Biochemical and Biophysical Research 
Communications, 311, 972-978. 

Kimura T, Takemura M, Nomura S, et al. (1996) Expression of oxytocin receptor in 
human pregnant myometrium. Endocrinology, 137, 780-5. 

Klein U, Gimpl G, Fahrenholz F (1995) Alteration of the myometrial plasma membrane 
cholesterol content with .Beta.-cyclodextrin modulates the binding affinity of 
the oxytocin receptor. Biochemistry, 34, 13784-13793. 

Kota SK, Gayatri K, Jammula S, et al. (2013) Endocrinology of parturition. Indian J 
Endocrinol Metab, 17, 50-9. 



 

283 

 

Koukourakis MI, Giatromanolaki A, Sivridis E, et al. (2005) Lyve-1 immunohistochemical 
assessment of lymphangiogenesis in endometrial and lung cancer. J Clin Pathol, 
58, 202-6. 

Kramer MS, Berg C, Abenhaim H, et al. (2013) Incidence, risk factors, and temporal 
trends in severe postpartum hemorrhage. Am J Obstet Gynecol, 209, 449.e1-7. 

Kriebs JM (2014) Obesity in pregnancy: Addressing risks to improve outcomes. The 
Journal of Perinatal & Neonatal Nursing, 28, 32-40 
10.1097/JPN.0000000000000008. 

Ku CY, Word RA, Sanborn BM (2005) Differential expression of protein kinase a, 
akap79, and pp2b in pregnant human myometrial membranes prior to and 
during labor. J Soc Gynecol Investig, 12, 421-7. 

Kunz G, Beil D, Deininger H, Wildt L, Leyendecker G (1996) The dynamics of rapid 
sperm transport through the female genital tract: Evidence from vaginal 
sonography of uterine peristalsis and hysterosalpingoscintigraphy. Hum 
Reprod, 11, 627-32. 

Kupittayanant S, Burdyga T, Wray S (2001) The effects of inhibiting rho-associated 
kinase with y-27632 on force and intracellular calcium in human myometrium. 
Pflügers Archiv, 443, 112-114. 

Kupittayanant S, Luckas MJ, Wray S (2002) Effect of inhibiting the sarcoplasmic 
reticulum on spontaneous and oxytocin-induced contractions of human 
myometrium. BJOG, 109, 289-96. 

Kusaka M, Sperelakis N (1996) Genistein inhibition of fast na+ current in uterine 
leiomyosarcoma cells is independent of tyrosine kinase inhibition. Biochim 
Biophys Acta, 1278, 1-4. 

Laguens R, Lagrutta J (1964) Fine structure of human uterine muscle in pregnancy. Am 
J Obstet Gynecol, 89, 1040-7. 

Laird DW, Puranam KL, Revel JP (1991) Turnover and phosphorylation dynamics of 
connexin43 gap junction protein in cultured cardiac myocytes. Biochem J, 
273(Pt 1), 67-72. 

Lammert A, Brockmann G, Renne U, et al. (2002) Different isoforms of the soluble 
leptin receptor in non-pregnant and pregnant mice. Biochemical and 
Biophysical Research Communications, 298, 798-804. 

Lammert A, Kiess W, Bottner A, Glasow A, Kratzsch J (2001) Soluble leptin receptor 
represents the main leptin binding activity in human blood. Biochem Biophys 
Res Commun, 283, 982-8. 

Lang LM, Beyer EC, Schwartz AL, Gitlin JD (1991) Molecular cloning of a rat uterine gap 
junction protein and analysis of gene expression during gestation. Am J Physiol, 
260, E787-93. 

Lartey J, Smith M, Pawade J, Strachan B, Mellor H, Lopez Bernal A (2007) Up-regulation 
of myometrial rho effector proteins (pkn1 and diaph1) and cpi-17 (ppp1r14a) 
phosphorylation in human pregnancy is associated with increased gtp-rhoa in 
spontaneous preterm labor. Biol Reprod, 76, 971-82. 

Latini C, Frontini A, Morroni M, Marzioni D, Castellucci M, Smith PG (2008) Remodeling 
of uterine innervation. Cell Tissue Res, 334, 1-6. 

Lawrence TS, Beers WH, Gilula NB (1978) Transmission of hormonal stimulation by cell-
to-cell communication. Nature, 272, 501-6. 



 

284 

 

Le Mellay V, Grosse B, Lieberherr M (1997) Phospholipase c beta and membrane action 
of calcitriol and estradiol. J Biol Chem, 272, 11902-7. 

Ledingham MA, Denison FC, Riley SC, Norman JE (1999) Matrix metalloproteinases-2 
and -9 and their inhibitors are produced by the human uterine cervix but their 
secretion is not regulated by nitric oxide donors. Hum Reprod, 14, 2089-96. 

Lehman SJ, Massaro JM, Schlett CL, O'donnell CJ, Hoffmann U, Fox CS (2010) Peri-aortic 
fat, cardiovascular disease risk factors, and aortic calcification: The framingham 
heart study. Atherosclerosis, 210, 656-61. 

Lei K, Chen L, Georgiou EX, et al. (2012) Progesterone acts via the nuclear 
glucocorticoid receptor to suppress il-1beta-induced cox-2 expression in human 
term myometrial cells. PLoS One, 7, e50167. 

Leopoldo AS, Sugizaki MM, Lima-Leopoldo AP, et al. (2010) Cardiac remodeling in a rat 
model of diet-induced obesity. The Canadian Journal of Cardiology, 26, 423-
429. 

Leung Y-K, Mak P, Hassan S, Ho S-M (2006) Estrogen receptor (er)-β isoforms: A key to 
understanding er-β signaling. Proceedings of the National Academy of Sciences, 
103, 13162-13167. 

Levy MN, Berne RM, Koeppen BM, Stanton BA (2006) Female reproduction. In Berne & 
levy principles of physiology (eds Levy MN, Berne RM, Koeppen BM, Stanton 
BA). St. Louis, Mo.: Elsevier Mosby. 

Lewandowski K, Horn R, O’callaghan C, et al. (1999) Free leptin, bound leptin, and 
soluble leptin receptor in normal and diabetic pregnancies. The Journal of 
Clinical Endocrinology & Metabolism, 84, 300-306. 

Leyendecker G, Wilds L (2012) Uterine peristalsis and the development of 
endometriosis. In Endometriosis science and practice (eds Guidice LC, Evers JLH, 
Healy LH), pp. 200-211. West Sussex, UK: Wiley-Blackwell. 

Li L, Zhang Y, Zhou C (2012) Phosphorylation of h1 calponin by pkc epsilon may 
contribute to facilitate the contraction of uterine myometrium in mice during 
pregnancy and labor. Reprod Biol Endocrinol, 10, 37. 

Li PL, Lee HC, Nelson MT, Meininger GA, Van Breemen C (2003) Novel ca2+ signalling 
mechanisms in vascular myocytes: Symposium overview. Acta Physiol Scand, 
179, 339-52. 

Li R, Gundersen GG (2008) Beyond polymer polarity: How the cytoskeleton builds a 
polarized cell. Nat Rev Mol Cell Biol, 9, 860-73. 

Li W, Challis JR (2005) Corticotropin-releasing hormone and urocortin induce secretion 
of matrix metalloproteinase-9 (mmp-9) without change in tissue inhibitors of 
mmp-1 by cultured cells from human placenta and fetal membranes. J Clin 
Endocrinol Metab, 90, 6569-74. 

Li Y, Je H-D, Malek S, Morgan KG (2004) Role of erk1/2 in uterine contractility and 
preterm labor in rats. American Journal of Physiology - Regulatory, Integrative 
and Comparative Physiology, 287, 328-335. 

Li Y, Reznichenko M, Tribe RM, et al. (2009) Stretch activates human myometrium via 
erk, caldesmon and focal adhesion signaling. PLoS ONE, 4, e7489. 

Li Z, Graham BH (2012) Measurement of mitochondrial oxygen consumption using a 
clark electrode. Methods Mol Biol, 837, 63-72. 

Lindenmayer AE, Miettinen M (1995) Immunophenotypic features of uterine stromal 
cells. Cd34 expression in endocervical stroma. Virchows Arch, 426, 457-60. 



 

285 

 

Lindstrom TM, Bennett PR (2005) The role of nuclear factor kappa b in human labour. 
Reproduction, 130, 569-81. 

Linton EA, Behan DP, Saphier PW, Lowry PJ (1990) Corticotropin-releasing hormone 
(crh)-binding protein: Reduction in the adrenocorticotropin-releasing activity of 
placental but not hypothalamic crh. J Clin Endocrinol Metab, 70, 1574-80. 

Linton EA, Perkins AV, Woods RJ, et al. (1993) Corticotropin releasing hormone-binding 
protein (crh-bp): Plasma levels decrease during the third trimester of normal 
human pregnancy. J Clin Endocrinol Metab, 76, 260-2. 

Liu J, Dietz K, Deloyht JM, et al. (2012a) Impaired adult myelination in the prefrontal 
cortex of socially isolated mice. Nat Neurosci, 15, 1621-3. 

Liu L, Feng D, Chen G, et al. (2012b) Mitochondrial outer-membrane protein fundc1 
mediates hypoxia-induced mitophagy in mammalian cells. Nat Cell Biol, 14, 
177-85. 

Lofgren M, Backstrom T (1990) Serum concentrations of progesterone and 5 alpha-
pregnane-3,20-dione during labor and early post partum. Acta Obstet Gynecol 
Scand, 69, 123-6. 

Londero AP, Bertozzi S, Fruscalzo A, Driul L, Marchesoni D (2011) Ultrasonographic 
assessment of cervix size and its correlation with female characteristics, 
pregnancy, bmi, and other anthropometric features. Arch Gynecol Obstet, 283, 
545-50. 

Lopez-Lluch G, Irusta PM, Navas P, De Cabo R (2008) Mitochondrial biogenesis and 
healthy aging. Exp Gerontol, 43, 813-9. 

Lopez Bernal A (2007) The regulation of uterine relaxation. Semin Cell Dev Biol, 18, 
340-7. 

Loufrani L, Henrion D (2008) Role of the cytoskeleton in flow (shear stress)-induced 
dilation and remodeling in resistance arteries. Med Biol Eng Comput, 46, 451-
60. 

Lowe NK, Corwin EJ (2011) Proposed biological linkages between obesity, stress, and 
inefficient uterine contractility during labor in humans. Med Hypotheses, 76, 
755-60. 

Luckas MJ, Wray S (2000a) A comparison of the contractile properties of human 
myometrium obtained from the upper and lower uterine segments. Bjog, 107, 
1309-11. 

Luckas MJ, Wray S (2000b) A comparison of the contractile properties of human 
myometrium obtained from the upper and lower uterine segments. British 
Journal of Obstetrics and Gynaecology, 107, 1309-11. 

Ludmir J, Erulkar SD (1993) Hormonal influence on ionic channels in myometrium. 
Microsc Res Tech, 25, 134-47. 

Ludmir J, Sehdev HM (2000) Anatomy and physiology of the uterine cervix. Clin Obstet 
Gynecol, 43, 433-9. 

Lundgren DW, Moore JJ, Chang SM, Collins PL, Chang AS (1997) Gestational changes in 
the uterine expression of an inwardly rectifying k+ channel, romk. Proc Soc Exp 
Biol Med, 216, 57-64. 

Lynch CM, Sexton DJ, Hession M, Morrison JJ (2008a) Obesity and mode of delivery in 
primigravid and multigravid women. American Journal of Perinatology, 25, 163-
167. 



 

286 

 

Lynch CM, Sexton DJ, Hession M, Morrison JJ (2008b) Obesity and mode of delivery in 
primigravid and multigravid women. Am J Perinatol, 25, 163-7. 

Lyons EA, Taylor PJ, Zheng XH, Ballard G, Levi CS, Kredentser JV (1991) Characterization 
of subendometrial myometrial contractions throughout the menstrual cycle in 
normal fertile women. Fertil Steril, 55, 771-4. 

Macintyre DA, Smith R, Yeo G, Kwek K, Bisits AM, Chan E-C (2009) Spontaneous and 
induced labour are associated with different myometrial proteomes in the 
human. PROTEOMICS – Clinical Applications, 3, 288-298. 

Macphee DJ, Lye SJ (2000) Focal adhesion signaling in the rat myometrium is abruptly 
terminated with the onset of labor. Endocrinology, 141, 274-83. 

Magocsi M, Penniston JT (1991) Oxytocin pretreatment of pregnant rat uterus inhibits 
ca2+ uptake in plasma membrane and sarcoplasmic reticulum. Biochim Biophys 
Acta, 1063, 7-14. 

Main DM, Main EK, Moore DH (2000a) The relationship between maternal age and 
uterine dysfunction: A continuous effect throughout reproductive life. 
American Journal of Obstetrics and Gynecology, 182, 1312-1320. 

Main DM, Main EK, Moore Ii DH (2000b) The relationship between maternal age and 
uterine dysfunction: A continuous effect throughout reproductive life. 
American Journal of Obstetrics and Gynecology, 182, 1312-1320. 

Marc S, Leiber D, Harbon S (1986) Carbachol and oxytocin stimulate the generation of 
inositol phosphates in the guinea pig myometrium. FEBS Lett, 201, 9-14. 

Markowska A, Belloni AS, Rucinski M, et al. (2005) Leptin and leptin receptor 
expression in the myometrium and uterine myomas: Is leptin involved in tumor 
development? Int J Oncol, 27, 1505-9. 

Martin C, Hyvelin J-M, Chapman KE, Marthan R, Ashley RH, Savineau J-P (1999a) 
Pregnant rat myometrial cells show heterogeneous ryanodine- and caffeine-
sensitive calcium stores. 

Martin C, Hyvelin JM, Chapman KE, Marthan R, Ashley RH, Savineau JP (1999b) 
Pregnant rat myometrial cells show heterogeneous ryanodine- and caffeine-
sensitive calcium stores. Am J Physiol, 277, C243-52. 

Martin JA, Hamilton BE, Ventura SJ, Osterman MJ, Mathews TJ (2013) Births: Final data 
for 2011. Natl Vital Stat Rep, 62, 1-69, 72. 

Martin JN, Jr., Bygdeman M (1975) The effect of locally administered pge2 on the 
contractility of the nonpregnant human uterus in vivo. Prostaglandins, 10, 253-
65. 

Martin L, Green B, Renshaw C, et al. (1997) Examining the technique of angiogenesis 
assessment in invasive breast cancer. British Journal of Cancer, 76, 1046-1054. 

Martinez-Gaudio M, Yoshida T, Bengtsson LP (1973) Propagated and nonpropagated 
myometrial contractions in normal menstrual cycles. Am J Obstet Gynecol, 115, 
107-11. 

Masson P (1929) Some histological methods; trichrome stainings and their preliminary 
technique. Journal of Technical Methods, 12, 16. 

Mathews T, Hamilton B (2009) Delayed childbearing: More women are having their first child later in 
life. Nchs data brief, no 21.). Hyattsville, MD: National Center for Health Statistics. 

Mathur RS, Landgrebe S, Williamson HO (1980) Progesterone, 17-
hydroxyprogesterone, estradiol, and estriol in late pregnancy and labor. Am J 
Obstet Gynecol, 136, 25-7. 



 

287 

 

Matthew A, Shmygol A, Wray S (2004a) Ca2+ entry, efflux and release in smooth 
muscle. Biological Research, 37, 617-624. 

Matthew A, Shmygol A, Wray S (2004b) Ca2+ entry, efflux and release in smooth 
muscle. Biol Res, 37, 617-24. 

Matthew A, Shmygol A, Wrray S (2004c) Ca2+ entry, efflux and release in smooth 
muscle. Biological Research, 37, 617-624. 

Matthew A, Shmygoll A, Wray S (2004d) Ca2+ entry, efflux and release in smooth 
muscle. Biological Research, 37, 617-624. 

Matthews J, Gustafsson JA (2003) Estrogen signaling: A subtle balance between er 
alpha and er beta. Mol Interv, 3, 281-92. 

Maymó JL, Pérez AP, Sánchez-Margalet V, Dueñas JL, Calvo JC, Varone CL (2009) Up-
regulation of placental leptin by human chorionic gonadotropin. Endocrinology, 
150, 304-313. 

Mccallum LA, Greenwood IA, Tribe RM (2009) Expression and function of k(v)7 
channels in murine myometrium throughout oestrous cycle. Pflugers Arch, 457, 
1111-20. 

Mccarron JG, Wilson C, Sandison ME, et al. (2013) From structure to function: 
Mitochondrial morphology, motion and shaping in vascular smooth muscle. J 
Vasc Res, 50, 357-71. 

Mcgookey DJ, Anderson RG (1983) Morphological characterization of the cholesteryl 
ester cycle in cultured mouse macrophage foam cells. J Cell Biol, 97, 1156-68. 

Mclean M, Bisits A, Davies J, Woods R, Lowry P, Smith R (1995) A placental clock 
controlling the length of human pregnancy. Nat Med, 1, 460-3. 

Melamed M, Castano E, Notides AC, Sasson S (1997) Molecular and kinetic basis for 
the mixed agonist/antagonist activity of estriol. Mol Endocrinol, 11, 1868-78. 

Mesiano S (2004) Myometrial progesterone responsiveness and the control of human 
parturition. J Soc Gynecol Investig, 11, 193-202. 

Metaxa-Mariatou V, Mcgavigan CJ, Robertson K, Stewart C, Cameron IT, Campbell S 
(2002) Elastin distribution in the myometrial and vascular smooth muscle of the 
human uterus. Mol Hum Reprod, 8, 559-65. 

Migliaccio A, Di Domenico M, Castoria G, et al. (1996) Tyrosine kinase/p21ras/map-
kinase pathway activation by estradiol-receptor complex in mcf-7 cells. EMBO J, 
15, 1292-300. 

Miller J, A. (1997) Embryonic development of the femal genital system. In Obstetrics 
and gynecology (eds Berman MC, Cohen HL), pp. 29-31. Philadelphia; New 
York: Lippincott-Raven. 

Mitchell BF, Taggart MJ (2009) Are animal models relevant to key aspects of human 
parturition? Am J Physiol Regul Integr Comp Physiol, 297, R525-45. 

Mitchell BS, Ahmed E (1992) An immunohistochemical study of the catecholamine 
synthesizing enzymes and neuropeptides in the female guinea-pig uterus and 
vagina. Histochem J, 24, 361-7. 

Mitra S (2007) General embryology. In Anatomy (ed Mitra S). Calcutta: Academic 
publishers. 

Mogami H, Kishore AH, Shi H, Keller PW, Akgul Y, Word RA (2013) Fetal fibronectin 
signaling induces matrix metalloproteases and cyclooxygenase-2 (cox-2) in 
amnion cells and preterm birth in mice. Journal of Biological Chemistry, 288, 
1953-1966. 



 

288 

 

Monaghan K, Baker SA, Dwyer L, et al. (2011) The stretch-dependent potassium 
channel trek-1 and its function in murine myometrium. The Journal of 
Physiology, 589, 1221-1233. 

Moore F, Da Silva C, Wilde JI, Smarason A, Watson SP, Lopez Bernal A (2000) Up-
regulation of p21- and rhoa-activated protein kinases in human pregnant 
myometrium. Biochem Biophys Res Commun, 269, 322-6. 

Moore KL, Agur AMR, Dalley AF (2011) Essential clinical anatomy, Lippincott Williams 
& Wilkins, Baltimore, MD. 

Moreira P, Mendes V, Dia A, Diouf A, Diadhiou F, Moreau J (2008) The histological 
aspect of the uterine vein wall according to age and parity. Dakar Medical, 53, 
154-61. 

Moreno AP, Rook MB, Fishman GI, Spray DC (1994) Gap junction channels: Distinct 
voltage-sensitive and -insensitive conductance states. Biophysical Journal, 67, 
113-119. 

Morgan KG, Gangopadhyay SS (2001) Invited review: Cross-bridge regulation by thin 
filament-associated proteins. J Appl Physiol (1985), 91, 953-62. 

Morimoto T, Devora GA, Mibe M, Casey ML, Macdonald PC (1997) Parathyroid 
hormone-related protein and human myometrial cells: Action and regulation. 
Mol Cell Endocrinol, 129, 91-9. 

Moscarini M, Cantagalli A, Cavallotti C, De Luca C, Amenta F (1982) Cholinergic nerves 
in mouse uterus. Journal of Neural Transmission, 55, 139-148. 

Mossakowska M, Strzelecka-Golaszewska H (1985) Identification of amino acid 
substitutions differentiating actin isoforms in their interaction with myosin. Eur 
J Biochem, 153, 373-81. 

Mossman HW (1989) Comparative anatomy of the uterus. In Biology of the uterus (eds 
Wynn RM, Jolie WP), pp. 19-34. New York: Plenum Press. 

Moynihan AT, Hehir MP, Glavey SV, Smith TJ, Morrison JJ (2006) Inhibitory effect of 
leptin on human uterine contractility in vitro. Am J Obstet Gynecol, 195, 504-9. 

Mumtaz S, Alsaif S, Wray S, Noble K (2012) Pc24 inhibitory effect of visfatin and leptin on human and rat 
myometrial contractility. In The Physiological Society: Metabolism and Endocrinology (ed (Me) 
RS). London, UK: Proc Physiol Soc. 

Myatt L, Lye SJ (2004) Expression, localization and function of prostaglandin receptors 
in myometrium. Prostaglandins Leukot Essent Fatty Acids, 70, 137-48. 

Myers J, Hall C, Wareing M, Gillham J, Baker P (2006) The effect of maternal 
characteristics on endothelial-dependent relaxation of myometrial arteries. Eur 
J Obstet Gynecol Reprod Biol, 124, 158-63. 

Naeye RL (1983) Maternal age, obstetric complications, and the outcome of 
pregnancy. Obstet Gynecol, 61, 210-6. 

Nakajima T, Kitazawa T, Hamada E, Hazama H, Omata M, Kurachi Y (1995) 17beta-
estradiol inhibits the voltage-dependent l-type ca2+ currents in aortic smooth 
muscle cells. Eur J Pharmacol, 294, 625-35. 

Nakanishi H, Wood C (1971) Cholinergic mechanisms in the human uterus. BJOG: An 
International Journal of Obstetrics & Gynaecology, 78, 716-723. 

Neil MA, Juskaitis R, Wilson T (1997) Method of obtaining optical sectioning by using 
structured light in a conventional microscope. Opt Lett, 22, 1905-7. 

Nelson SH, Steinsland OS, Wang Y, Yallampalli C, Dong YL, Sanchez JM (2000) Increased 
nitric oxide synthase activity and expression in the human uterine artery during 
pregnancy. Circ Res, 87, 406-11. 



 

289 

 

Neufeld G, Cohen T, Gengrinovitch S, Poltorak Z (1999) Vascular endothelial growth 
factor (vegf) and its receptors. The FASEB Journal, 13, 9-22. 

Ni X, Hou Y, King BR, et al. (2004a) Estrogen receptor-mediated down-regulation of 
corticotropin-releasing hormone gene expression is dependent on a cyclic 
adenosine 3',5'-monophosphate regulatory element in human placental 
syncytiotrophoblast cells. J Clin Endocrinol Metab, 89, 2312-8. 

Ni X, Hou Y, Yang R, Tang X, Smith R, Nicholson RC (2004b) Progesterone receptors a 
and b differentially modulate corticotropin-releasing hormone gene expression 
through a camp regulatory element. Cell Mol Life Sci, 61, 1114-22. 

Nienartowicz A, Link S, Moll W (1989) Adaptation of the uterine arcade in rats to 
pregnancy. J Dev Physiol, 12, 101-8. 

Nishimori K, Young LJ, Guo Q, Wang Z, Insel TR, Matzuk MM (1996) Oxytocin is 
required for nursing but is not essential for parturition or reproductive 
behavior. Proc Natl Acad Sci U S A, 93, 11699-704. 

Nishiyama M (1989) Vascular endothelial cells. In Color atlas of dermatoimmuno 
histocytology (eds Ueki H, Yaoita H), pp. 46. Tokyo, Japan: Wolfe Publications 
Ltd. 

Noble K, Zhang J, Wray S (2006a) Lipid rafts, the sarcoplasmic reticulum and uterine 
calcium signalling: An integrated approach. J Physiol, 570, 29-35. 

Noble K, Zhang J, Wray S (2006b) Lipid rafts, the sarcoplasmic reticulum and uterine 
calcium signalling: An integrated approach. The Journal of Physiology, 570, 29-
35. 

Noda M, Yasuda-Fukazawa C, Moriishi K, et al. (1995) Involvement of rho in gtp gamma 
s-induced enhancement of phosphorylation of 20 kda myosin light chain in 
vascular smooth muscle cells: Inhibition of phosphatase activity. FEBS Lett, 367, 
246-50. 

Nodwell A, Carmichael L, Fraser M, Challis J, Richardson B (1999) Placental release of 
corticotrophin-releasing hormone across the umbilical circulation of the human 
newborn. Placenta, 20, 197-202. 

Noe M, Kunz G, Herbertz M, Mall G, Leyendecker G (1999) The cyclic pattern of the 
immunocytochemical expression of oestrogen and progesterone receptors in 
human myometrial and endometrial layers: Characterization of the 
endometrial–subendometrial unit. Human Reproduction, 14, 190-197. 

Noureldeen AF, Qusti SY, Al-Seeni MN, Bagais MH (2014) Maternal leptin, adiponectin, 
resistin, visfatin and tumor necrosis factor-alpha in normal and gestational 
diabetes. Indian J Clin Biochem, 29, 462-70. 

O'brien M, Carbin S, Morrison J, Smith T (2013) Decreased myometrial p160 rock-1 
expression in obese women at term pregnancy. Reproductive Biology and 
Endocrinology, 11, 79. 

O'sullivan MD, Hehir MP, O'brien YM, Morrison JJ (2010a) 17 alpha-
hydroxyprogesterone caproate vehicle, castor oil, enhances the contractile 
effect of oxytocin in human myometrium in pregnancy. Am J Obstet Gynecol, 
202, 453.e1-4. 

O'sullivan MD, Hehir MP, O'brien YM, Morrison JJ (2010b) 17 alpha-
hydroxyprogesterone caproate vehicle, castor oil, enhances the contractile 
effect of oxytocin in human myometrium in pregnancy. American Journal of 
Obstetrics & Gynecology, 202, 453.e1-453.e4. 



 

290 

 

Ogden CL, Carroll MD, Kit BK, Flegal KM (2012) Prevalence of obesity in the united 
states, 2009-2010. NCHS data brief, 1-8. 

Oh JH, You SK, Hwang MK, et al. (2003) Inhibition of rho-associated kinase reduces 
mlc20 phosphorylation and contractility of intact myometrium and attenuates 
agonist-induced ca2+ sensitization of force of permeabilized rat myometrium. J 
Vet Med Sci, 65, 43-50. 

Ohmichi M, Koike K, Nohara A, et al. (1995) Oxytocin stimulates mitogen-activated 
protein kinase activity in cultured human puerperal uterine myometrial cells. 
Endocrinology, 136, 2082-7. 

Oliveira SaJ, Dal Pai-Silva M, Martinez PF, et al. (2010) Diet-induced obesity causes 
metabolic, endocrine and cardiac alterations in spontaneously hypertensive 
rats. Med Sci Monit, 16, 367-73. 

Olson D, Zakar T, Mitchell B (1993) Prostaglandin synthesis regulation by intrauterine 
tissues. In Molecular aspects of placental and fetal membrane 

autocoids (eds Rice G, Brennecke S), pp. 55-95. Boca Raton, FL: CRC Press. 
Olson ML, Chalmers S, Mccarron JG (2010) Mitochondrial ca2+ uptake increases ca2+ 

release from inositol 1,4,5-trisphosphate receptor clusters in smooth muscle 
cells. J Biol Chem, 285, 2040-50. 

Ongkana N, Tohno S, Mahakkanukrauh P, Minami T, Tohno Y (2008) Age-dependent 
increases of calcium, phosphorus, and sodium in the uterine arteries of thai. 
Biol Trace Elem Res, 124, 236-42. 

Ongkana N, Tohno S, Payo IM, et al. (2007) Age-related changes of elements in 
thoracic and abdominal aortas and coronary, common carotid, pulmonary, 
splenic, common iliac, and uterine arteries and relationships in elements 
among their arteries. Biol Trace Elem Res, 117, 23-38. 

Oosterhof H, Wichers G, Fidler V, Aarnoudse JG (1993) Blood viscosity and uterine 
artery flow velocity waveforms in pregnancy: A longitudinal study. Placenta, 14, 
555-61. 

Osman I, Young A, Ledingham MA, et al. (2003) Leukocyte density and pro-
inflammatory cytokine expression in human fetal membranes, decidua, cervix 
and myometrium before and during labour at term. Mol Hum Reprod, 9, 41-5. 

Osol G, Barron C, Gokina N, Mandala M (2009) Inhibition of nitric oxide synthases 
abrogates pregnancy-induced uterine vascular expansive remodeling. J Vasc 
Res, 46, 478-86. 

Osol G, Cipolla M (1993) Pregnancy-induced changes in the three-dimensional 
mechanical properties of pressurized rat uteroplacental (radial) arteries. Am J 
Obstet Gynecol, 168, 268-74. 

Osol G, Mandala M (2009) Maternal uterine vascular remodeling during pregnancy. 
Ostlund RE, Jr., Yang JW, Klein S, Gingerich R (1996) Relation between plasma leptin 

concentration and body fat, gender, diet, age, and metabolic covariates. J Clin 
Endocrinol Metab, 81, 3909-13. 

Ottesen B, Fahrenkrug S (1990) Regulatory  peptides  and uterine  function. In Uterine  
function:  Molecular  and  cellular aspects (eds Carsten  M, Miller J). New York: 
Plenum Press. 

Owman C (1981) Pregnancy induces degenerative and regenerative changes in the 
autonomic innervation of the female reproductive tract. Ciba Found Symp, 83, 
252-79. 



 

291 

 

Oyelese Y, Ananth CV (2010) Postpartum hemorrhage: Epidemiology, risk factors, and 
causes. Clin Obstet Gynecol, 53, 147-56. 

Pacaud P, Loirand G, Lavie JL, Mironneau C, Mironneau J (1989) Calcium-activated 
chloride current in rat vascular smooth muscle cells in short-term primary 
culture. Pflugers Arch, 413, 629-36. 

Page KL, Celia G, Leddy G, Taatjes DJ, Osol G (2002) Structural remodeling of rat 
uterine veins in pregnancy. Am J Obstet Gynecol, 187, 1647-52. 

Palmer SK, Zamudio S, Coffin C, Parker S, Stamm E, Moore LG (1992) Quantitative 
estimation of human uterine artery blood flow and pelvic blood flow 
redistribution in pregnancy. Obstet Gynecol, 80, 1000-6. 

Pansky B, Gest TR (2013) Pelvis and perineum. In Lippincott's concise illustrated 
anatomy. (eds Pansky B, Gest TR). Philadelphia: Wolters Kluwer/Lippincott 
Williams & Wilkins Health. 

Papka RE (1990) Some nerve endings in the rat pelvic paracervical autonomic ganglia 
and varicosities in the uterus contain calcitonin gene-related peptide and 
originate from dorsal root ganglia. Neuroscience, 39, 459-70. 

Park HY, Kwon HM, Lim HJ, et al. (2001) Potential role of leptin in angiogenesis: Leptin 
induces endothelial cell proliferation and expression of matrix 
metalloproteinases in vivo and in vitro. Exp Mol Med, 33, 95-102. 

Parkington H, Coleman H (1990) The role of membrane potential in the control of 
uterine motility. In Uterine function : Molecular and cellular aspects (eds 
Carsten M, Miller J), pp. 195-248. New York: Plenum Press. 

Pehlivanoglu B, Bayrak S, Dogan M (2013) A close look at the contraction and 
relaxation of the myometrium; the role of calcium. J Turk Ger Gynecol Assoc, 
14, 230-4. 

Peinado MA, Martinez M, Pedrosa JA, Quesada A, Peinado JM (1993) Quantitative 
morphological changes in neurons and glia in the frontal lobe of the aging rat. 
The Anatomical Record, 237, 104-8. 

Penno A, Hackenbroich G, Thiele C (2013) Phospholipids and lipid droplets. Biochim 
Biophys Acta, 1831, 589-94. 

Perez G, Toro L (1994) Differential modulation of large-conductance kca channels by 
pka in pregnant and nonpregnant myometrium. Am J Physiol, 266, C1459-63. 

Perez GJ, Toro L, Erulkar SD, Stefani E (1993) Characterization of large-conductance, 
calcium-activated potassium channels from human myometrium. Am J Obstet 
Gynecol, 168, 652-60. 

Phillippe M (1994) Protein kinase c, an inhibitor of oxytocin-stimulated phasic 
myometrial contractions. Biol Reprod, 50, 855-9. 

Pierce BT, Calhoun BC, Adolphson KR, Lau AF, Pierce LM (2002) Connexin 43 expression 
in normal versus dysfunctional labor. Am J Obstet Gynecol, 186, 504-11. 

Pirhonen J, Bergersen TK, Abdlenoor M, Dubiel M, Gudmundsson S (2005) Effect of 
maternal age on uterine flow impedance. J Clin Ultrasound, 33, 14-7. 

Pollard TD, Cooper JA (1986) Actin and actin-binding proteins. A critical evaluation of 
mechanisms and functions. Annual Review of Biochemistry, 55, 987-1035. 

Poncelet C, Fauvet R, Feldmann G, Walker F, Madelenat P, Darai E (2004) Prognostic 
value of von willebrand factor, cd34, cd31, and vascular endothelial growth 
factor expression in women with uterine leiomyosarcomas. Journal of Surgical 
Oncology, 86, 84-90. 



 

292 

 

Pont JNA, Mcardle CA, López Bernal A (2012) Oxytocin-stimulated nfat transcriptional 
activation in human myometrial cells. Molecular Endocrinology, 26, 1743-1756. 

Poobalan AS, Aucott LS, Gurung T, Smith WC, Bhattacharya S (2009) Obesity as an 
independent risk factor for elective and emergency caesarean delivery in 
nulliparous women--systematic review and meta-analysis of cohort studies. 
Obes Rev, 10, 28-35. 

Popat A, Crankshaw DJ (2001) Variable responses to prostaglandin e(2) in human non-
pregnant myometrium. Eur J Pharmacol, 416, 145-52. 

Popescu LM, Faussone-Pellegrini M-S (2010) Telocytes – a case of serendipity: The 
winding way from interstitial cells of cajal (icc), via interstitial cajal-like cells 
(iclc) to telocytes. Journal of Cellular and Molecular Medicine, 14, 729-740. 

Popescu LM, Vidulescu C, Curici A, et al. (2006) Imatinib inhibits spontaneous rhythmic 
contractions of human uterus and intestine. Eur J Pharmacol, 546, 177-81. 

Price SA, Bernal AL (2001) Uterine quiescence: The role of cyclic amp. Exp Physiol, 86, 
265-72. 

Pries AR, Reglin B, Secomb TW (2005) Remodeling of blood vessels: Responses of 
diameter and wall thickness to hemodynamic and metabolic stimuli. 
Hypertension, 46, 725-31. 

Prokocimer M, Davidovich M, Nissim-Rafinia M, et al. (2009) Nuclear lamins: Key 
regulators of nuclear structure and activities. Journal of Cellular and Molecular 
Medicine, 13, 1059-85. 

Pustovrh MC, Jawerbaum A, White V, et al. (2007) The role of nitric oxide on matrix 
metalloproteinase 2 (mmp2) and mmp9 in placenta and fetus from diabetic 
rats. Reproduction, 134, 605-13. 

Ramanah R, Berger MB, Parratte BM, Delancey JO (2012) Anatomy and histology of 
apical support: A literature review concerning cardinal and uterosacral 
ligaments. Int Urogynecol J, 23, 1483-94. 

Ramsay JE, Ferrell WR, Crawford L, Wallace AM, Greer IA, Sattar N (2002) Maternal 
obesity is associated with dysregulation of metabolic, vascular, and 
inflammatory pathways. J Clin Endocrinol Metab, 87, 4231-7. 

Ramsay JE, Greer I, Sattar N (2006) Abc of obesity. Obesity and reproduction. BMJ, 
333, 1159-62. 

Ramsey EM (1989) Vascular anatomy. In Biology of the uterus (eds Wynn RM, Jollie 
WP), pp. 57-68. New York: Plenum Publishing Corporation. 

Ramsey EM (1994) Anatomy of the human uterus. In The uterus (eds Chard T, 
Grudzinskas JG), pp. 18-40. Cambridge, UK: Cambridge University Press. 

Ramsey TL, Risinger KE, Jernigan SC, Mattingly KA, Klinge CM (2004) Estrogen receptor 
beta isoforms exhibit differences in ligand-activated transcriptional activity in 
an estrogen response element sequence-dependent manner. Endocrinology, 
145, 149-60. 

Rao J, Dragulescu-Andrasi A, Yao H (2007) Fluorescence imaging in vivo: Recent 
advances. Curr Opin Biotechnol, 18, 17-25. 

Red-Horse K (2008) Lymphatic vessels in the uterine wall. Placenta, 29, S55-S59. 
Reed MG, Howard CV, Gs DEY (2010) One-stop stereology: The estimation of 3d 

parameters using isotropic rulers. J Microsc, 239, 54-65. 



 

293 

 

Rekawiecki R, Kowalik MK, Slonina D, Kotwica J (2008) Regulation of progesterone 
synthesis and action in bovine corpus luteum. J Physiol Pharmacol, 59 Suppl 9, 
75-89. 

Rekonen A, Luotola H, Pitkanen M, Kuikka J, Pyorala T (1976) Measurement of 
intervillous and myometrial blood flow by an intravenous 133xe method. Br J 
Obstet Gynaecol, 83, 723-8. 

Reynolds S (1965) Physiology  of  the  uterus, Hoeber, New  York. 
Riento K, Ridley AJ (2003) Rocks: Multifunctional kinases in cell behaviour. Nat Rev Mol 

Cell Biol, 4, 446-56. 
Riley M, Baker PN, Tribe RM, Taggart MJ (2005) Expression of scaffolding, signalling 

and contractile-filament proteins in human myometria: Effects of pregnancy 
and labour. J Cell Mol Med, 9, 122-34. 

Rima P, Poston L, Tribe MR (2014) O-064 impact of maternal ageing on murine myometrium function. In 
Annual meeting of the Society for Gynecologic Investigation (ed Sciences R), pp. 71AA-418A. 
Florence, Italy: Sage Publications. 

Robb AO, Mills NL, Din JN, et al. (2009) Influence of the menstrual cycle, pregnancy, 
and preeclampsia on arterial stiffness. Hypertension, 53, 952-8. 

Robertson WB, Manning PJ (1973) Elastic tissue in uterine blood vessels. J Pathol, 109, 
P3. 

Robinson HE, O'connell CM, Joseph KS, Mcleod NL (2005) Maternal outcomes in 
pregnancies complicated by obesity. Obstet Gynecol, 106, 1357-64. 

Rogers PA, Donoghue JF, Girling JE (2008) Endometrial lymphangiogensis. Placenta, 29 
Suppl A, S48-54. 

Ross MH, Romrell LJ, Kaye GI (1995) Histology : A text and atlas.). Baltimore: Williams 
& Wilkins. 

Roszkowska-Gancarz M, Jonas M, Owczarz M, et al. (2014) Age-related changes of 
leptin and leptin receptor variants in healthy elderly and long-lived adults. 
Geriatr Gerontol Int. 

Ruzycky AL, Ameredes BT (1996) Oxytocin-mediated recruitment of slowly cycling cross 
bridges and isometric force in rat myometrium. Am J Physiol, 270, E203-8. 

Safdar A, Hamadeh MJ, Kaczor JJ, Raha S, Debeer J, Tarnopolsky MA (2010) Aberrant 
mitochondrial homeostasis in the skeletal muscle of sedentary older adults. 
PLoS One, 5, e10778. 

Sanborn BM (1995) Ion channels and the control of myometrial electrical activity. 
Semin Perinatol, 19, 31-40. 

Sanborn BM (2000) Relationship of ion channel activity to control of myometrial 
calcium. J Soc Gynecol Investig, 7, 4-11. 

Sanborn BM (2007) Hormonal signaling and signal pathway crosstalk in the control of 
myometrial calcium dynamics. Seminars in Cell & Developmental Biology, 18, 
305-314. 

Sato S, Burgess SB, Mcilwain DL (1994) Transcription and motoneuron size. Journal of 
Neurochemistry, 63, 1609-1615. 

Sato Y, Hotta H, Nakayama H, Suzuki H (1996) Sympathetic and parasympathetic 
regulation of the uterine blood flow and contraction in the rat. J Auton Nerv 
Syst, 59, 151-8. 

Savineau JP, Mironneau J (1990) An analysis of the action of phorbol 12, 13-dibutyrate 
on mechanical activity in rat uterine smooth muscle. J Pharmacol Exp Ther, 255, 
133-9. 



 

294 

 

Sawada K, Morishige K, Hashimoto K, et al. (2005) Gestational change of k+ channel 
opener effect is correlated with the expression of uterine katp channel 
subunits. Eur J Obstet Gynecol Reprod Biol, 122, 49-56. 

Sawada N, Itoh H, Yamashita J, et al. (2001) Cgmp-dependent protein kinase 
phosphorylates and inactivates rhoa. Biochem Biophys Res Commun, 280, 798-
805. 

Schautz B, Later W, Heller M, Peters A, Muller MJ, Bosy-Westphal A (2012) Impact of 
age on leptin and adiponectin independent of adiposity. Br J Nutr, 108, 363-70. 

Schmidt EE, Schibler U (1995) Cell size regulation, a mechanism that controls cellular 
rna accumulation: Consequences on regulation of the ubiquitous transcription 
factors oct1 and nf-y and the liver-enriched transcription factor dbp. The 
Journal of Cell Biology, 128, 467-483. 

Schollmeyer JE, Furcht, L.J., Goll, D.E., Robson, R.M., Stromer, M.H. (1976) Localization 
of contractile proteins in smooth muscle cells and in normal and transformed 
fibroblasts. In Cell motility (ed Goldman RD, Pollard, T.D., Rosenbaum, J.), pp. 
361-388 Cold Spring Harbor: Cold Spring Harbor Laboratory  

Schwalm H, Dubrauszky V (1966) The structure of the musculature of the human 
uterus--muscles and connective tissue. Am J Obstet Gynecol, 94, 391-404. 

Scoutt LM, Flynn SD, Luthringer DJ, Mccauley TR, Mccarthy SM (1991) Junctional zone 
of the uterus: Correlation of mr imaging and histologic examination of 
hysterectomy specimens. Radiology, 179, 403-7. 

Scpe, Eurocat (2010) The health and care of pregnant women and babies in europe 2010. In European 
Perinatal Health Report). 

Segal MS, Sautina L, Li S, et al. (2012) Relaxin increases human endothelial progenitor 
cell no and migration and vasculogenesis in mice. Blood, 119, 629-36. 

Seymour BL (1997) The effect of steroid hormones on the size of myometrial cells: A 
morphometric study. 

Sheehan PM, Rice GE, Moses EK, Brennecke SP (2005) 5 beta-dihydroprogesterone and 
steroid 5 beta-reductase decrease in association with human parturition at 
term. Mol Hum Reprod, 11, 495-501. 

Shew RL, Papka RE, Mcneill DL (1990) Calcitonin gene-related peptide in the rat uterus: 
Presence in nerves and effects on uterine contraction. Peptides, 11, 583-9. 

Shmigol AV, Eisner DA, Wray S (1999) The role of the sarcoplasmic reticulum as a ca2+ 
sink in rat uterine smooth muscle cells. J Physiol, 520 Pt 1, 153-63. 

Shmygol A, Noble K, Wray S (2007) Depletion of membrane cholesterol eliminates the 
ca2+-activated component of outward potassium current and decreases 
membrane capacitance in rat uterine myocytes. J Physiol, 581, 445-56. 

Shmygol A, Wray S (2004) Functional architecture of the sr calcium store in uterine 
smooth muscle. Cell Calcium, 35, 501-8. 

Shynlova O, Kwong R, Lye SJ (2010) Mechanical stretch regulates hypertrophic 
phenotype of the myometrium during pregnancy. Reproduction, 139, 247-53. 

Shynlova O, Oldenhof A, Dorogin A, et al. (2006) Myometrial apoptosis: Activation of 
the caspase cascade in the pregnant rat myometrium at midgestation. Biology 
of Reproduction, 74, 839-49. 

Simoncini T, Mannella P, Fornari L, Caruso A, Varone G, Genazzani AR (2004) Genomic 
and non-genomic effects of estrogens on endothelial cells. Steroids, 69, 537-
542. 



 

295 

 

Sims SM, Daniel EE, Garfield RE (1982) Improved electrical coupling in uterine smooth 
muscle is associated with increased numbers of gap junctions at parturition. J 
Gen Physiol, 80, 353-75. 

Sinha MK, Caro JF (1998) Clinical aspects of leptin. Vitam Horm, 54, 1-30. 
Smialowska M, Bal-Klara A, Smialowski A (1988) Chronic imipramine diminishes the 

nuclear size of neurons in the locus coeruleus and cingular cortex but not in the 
hippocampus of the rat brain. Neuroscience, 26, 803-7. 

Smith CS, Guttman L (1953) Measurement of internal boundaries in three dimensional 
structures by random sectioning. Journal of Metals, 5, 81-87. 

Smith GC, Cordeaux Y, White IR, et al. (2008a) The effect of delaying childbirth on 
primary cesarean section rates. PLoS Med, 5, e144. 

Smith GCS, Cordeaux Y, White IR, et al. (2008b) The effect of delaying childbirth on 
primary cesarean section rates. Public Library of Science Medicine, 5, 1123-
1132. 

Smith R (2007) Parturition. New England Journal of Medicine, 356, 271-283. 
Smith R, Cubis J, Brinsmead M, et al. (1990) Mood changes, obstetric experience and 

alterations in plasma cortisol, beta-endorphin and corticotrophin releasing 
hormone during pregnancy and the puerperium. J Psychosom Res, 34, 53-69. 

Smith R, Smith JI, Shen X, et al. (2009) Patterns of plasma corticotropin-releasing 
hormone, progesterone, estradiol, and estriol change and the onset of human 
labor. J Clin Endocrinol Metab, 94, 2066-74. 

Smith RC, Mcclure MC, Smith MA, Abel PW, Bradley ME (2007) The role of voltage-
gated potassium channels in the regulation of mouse uterine contractility. 
Reprod Biol Endocrinol, 5, 41. 

Smith RD, Babiychuk EB, Noble K, Draeger A, Wray S (2005) Increased cholesterol 
decreases uterine activity: Functional effects of cholesterol alteration in 
pregnant rat myometrium. Am J Physiol Cell Physiol, 288, C982-8. 

Smith RD, Borisova L, Wray S, Burdyga T (2002) Characterisation of the ionic currents in 
freshly isolated rat ureter smooth muscle cells: Evidence for species-dependent 
currents. Pflugers Arch, 445, 444-53. 

Snell RS (2008) Basic anatomy: Female genital organs. In Clinical anatomy by regions 
(ed 9th). Netherlands: Wolters Kluwer. 

Sohn EH, Flamme-Wiese MJ, Whitmore SS, Wang K, Tucker BA, Mullins RF (2014) Loss 
of cd34 expression in aging human choriocapillaris endothelial cells. PLoS One, 
9, e86538. 

Sokol E (2011) Clinical anatomy of the uterus, fallopian tubes, and ovaries. In The global library of 
women's medicine (ed Sokol E). 

Somlyo AP (1985) Excitation-contraction coupling and the ultrastructure of smooth 
muscle. Circ Res, 57, 497-507. 

Somlyo AV (1980) Ultrastructure of smooth muscle. In Handbook of physiology: The 
cardiovascular system (ed Bohr DF, Somlyo, A.P., Sparks, H.V.), pp. 33-68. 
Bethesda (MD): American Physiological Society. 

Somlyo AV, Somlyo AP (1971) Strontium accumulation by sarcoplasmic reticulum and 
mitochondria in vascular smooth muscle. Science, 174, 955-8. 

Steinberg HO, Chaker H, Leaming R, Johnson A, Brechtel G, Baron AD (1996) 
Obesity/insulin resistance is associated with endothelial dysfunction. 
Implications for the syndrome of insulin resistance. J Clin Invest, 97, 2601-10. 



 

296 

 

Stepp DW, Frisbee JC (2002) Augmented adrenergic vasoconstriction in hypertensive 
diabetic obese zucker rats. Am J Physiol Heart Circ Physiol, 282, H816-20. 

Stewart FM, Freeman DJ, Ramsay JE, Greer IA, Caslake M, Ferrell WR (2007) 
Longitudinal assessment of maternal endothelial function and markers of 
inflammation and placental function throughout pregnancy in lean and obese 
mothers. J Clin Endocrinol Metab, 92, 969-75. 

Stjernquist M, Owman C (1985) Cholinergic and adrenergic neural control of smooth 
muscle function in the non-pregnant rat uterine cervix. Acta Physiol Scand, 124, 
429-36. 

Stout C, Goodenough DA, Paul DL (2004) Connexins: Functions without junctions. 
Current Opinion in Cell Biology, 16, 507-512. 

Stull JT, Tansey MG, Tang DC, Word RA, Kamm KE (1993) Phosphorylation of myosin 
light chain kinase: A cellular mechanism for ca2+ desensitization. Mol Cell 
Biochem, 127-128, 229-37. 

Sturm W, Sandhofer A, Engl J, et al. (2009) Influence of visceral obesity and liver fat on 
vascular structure and function in obese subjects. Obesity (Silver Spring), 17, 
1783-8. 

Sweeney G (2002) Leptin signalling. Cell Signal, 14, 655-63. 
Szlachter N, O'byrne E, Goldsmith L, Steinetz BG, Weiss G (1980) Myometrial inhibiting 

activity of relaxin-containing extracts of human corpora lutea of pregnancy. Am 
J Obstet Gynecol, 136, 584-6. 

Taggart MJ, Morgan KG (2007) Regulation of the uterine contractile apparatus and 
cytoskeleton. Seminars in cell & developmental biology, 18, 296-304. 

Taggart MJ, Wray S (1998) Contribution of sarcoplasmic reticular calcium to smooth 
muscle contractile activation: Gestational dependence in isolated rat uterus. J 
Physiol, 511 ( Pt 1), 133-44. 

Tahara M, Kawagishi R, Sawada K, et al. (2005) Tocolytic effect of a rho-kinase inhibitor 
in a mouse model of lipopolysaccharide-induced preterm delivery. Am J Obstet 
Gynecol, 192, 903-8. 

Tange Y, Hirata A, Niwa O (2002) An evolutionarily conserved fission yeast protein, 
ned1, implicated in normal nuclear morphology and chromosome stability, 
interacts with dis3, pim1/rcc1 and an essential nucleoporin. Journal of Cell 
Science, 115, 4375-4385. 

Tesarik J, Mendoza C (1995) Nongenomic effects of 17 beta-estradiol on maturing 
human oocytes: Relationship to oocyte developmental potential. J Clin 
Endocrinol Metab, 80, 1438-43. 

Tessier DR, Ferraro ZM, Gruslin A (2013) Role of leptin in pregnancy: Consequences of 
maternal obesity. Placenta, 34, 205-211. 

Tetlow RL, Richmond I, Manton DJ, Greenman J, Turnbull LW, Killick SR (1999) 
Histological analysis of the uterine junctional zone as seen by transvaginal 
ultrasound. Ultrasound Obstet Gynecol, 14, 188-93. 

Thorburn GD, Challis JR (1979) Endocrine control of parturition. Physiol Rev, 59, 863-
918. 

Thornburg KL, Jacobson SL, Giraud GD, Morton MJ (2000) Hemodynamic changes in 
pregnancy. Semin Perinatol, 24, 11-4. 

Tomanek RJ (1979) Quantitative ultrastructural aspects of cardiac hypertrophy. Tex 
Rep Biol Med, 39, 111-122. 



 

297 

 

Torricelli M, Ignacchiti E, Giovannelli A, et al. (2006) Maternal plasma corticotrophin-
releasing factor and urocortin levels in post-term pregnancies. Eur J Endocrinol, 
154, 281-5. 

Traupe T, Lang M, Goettsch W, et al. (2002) Obesity increases prostanoid-mediated 
vasoconstriction and vascular thromboxane receptor gene expression. J 
Hypertens, 20, 2239-45. 

Tribe RM, Moriarty P, Poston L (2000) Calcium homeostatic pathways change with 
gestation in human myometrium. Biol Reprod, 63, 748-55. 

Tronc F, Mallat Z, Lehoux S, Wassef M, Esposito B, Tedgui A (2000) Role of matrix 
metalloproteinases in blood flow-induced arterial enlargement: Interaction 
with no. Arterioscler Thromb Vasc Biol, 20, E120-6. 

Tsukita S, Tsukita S, Ishikawa H (1983) Association of actin and 10 nm filaments with 
the dense body in smooth-muscle cells of the chicken gizzard. Cell and Tissue 
Research, 229, 233-242. 

Tulchinsky D, Hobel CJ, Yeager E, Marshall JR (1972) Plasma estrone, estradiol, estriol, 
progesterone, and 17-hydroxyprogesterone in human pregnancy. I. Normal 
pregnancy. Am J Obstet Gynecol, 112, 1095-100. 

Turi A, Kiss AL, Mullner N (2001) Estrogen downregulates the number of caveolae and 
the level of caveolin in uterine smooth muscle. Cell Biol Int, 25, 785-94. 

Turnbull AC, Patten PT, Flint AP, Keirse MJ, Jeremy JY, Anderson AB (1974) Significant 
fall in progesterone and rise in oestradiol levels in human peripheral plasma 
before onset of labour. Lancet, 1, 101-3. 

Ungvari Z, Labinskyy N, Gupte S, Chander PN, Edwards JG, Csiszar A (2008) 
Dysregulation of mitochondrial biogenesis in vascular endothelial and smooth 
muscle cells of aged rats. Am J Physiol Heart Circ Physiol, 294, 2121-8. 

Vahratian A (2009) Prevalence of overweight and obesity among women of 
childbearing age: Results from the 2002 national survey of family growth. 
Matern Child Health J, 13, 268-73. 

Vahratian A, Zhang J, Troendle JF, Savitz DA, Siega-Riz AM (2004) Maternal 
prepregnancy overweight and obesity and the pattern of labor progression in 
term nulliparous women. Obstetrics & Gynecology, 104, 943-951. 

Vailhe B, Dietl J, Kapp M, Toth B, Arck P (1999) Increased blood vessel density in 
decidua parietalis is associated with spontaneous human first trimester 
abortion. Hum Reprod, 14, 1628-34. 

Valenzuela GJ, Hewitt CW, Ducsay CA (1995) Endothelin-1 potentiates the in vitro 
contractile response of pregnant human myometrium to oxytocin. American 
Journal of Obstetrics and Gynecology, 172, 1573-1576. 

Valverde MA, Rojas P, Amigo J, et al. (1999) Acute activation of maxi-k channels (hslo) 
by estradiol binding to the beta subunit. Science, 285, 1929-31. 

Van Der Heijden OW, Essers YP, Fazzi G, Peeters LL, De Mey JG, Van Eys GJ (2005) 
Uterine artery remodeling and reproductive performance are impaired in 
endothelial nitric oxide synthase-deficient mice. Biol Reprod, 72, 1161-8. 

Van Der Heijden OW, Essers YP, Simkens LH, et al. (2004) Aging blunts remodeling of 
the uterine artery during murine pregnancy. J Soc Gynecol Investig, 11, 304-10. 

Van Helden DF, Imtiaz MS (2003) Ca2+ phase waves: A basis for cellular pacemaking 
and long-range synchronicity in the guinea-pig gastric pylorus. J Physiol, 548, 
271-96. 



 

298 

 

Venkatachalam K, Van Rossum DB, Patterson RL, Ma HT, Gill DL (2002) The cellular and 
molecular basis of store-operated calcium entry. Nat Cell Biol, 4, E263-72. 

Vidal L, Ruiz C, Villena A, Diaz F, Perez De Vargas I (2004) Quantitative age-related 
changes in dorsal lateral geniculate nucleus relay neurons of the rat. 
Neuroscience Research, 48, 387-96. 

Vinayagam D, Chandraharan E (2012) The adverse impact of maternal obesity on 
intrapartum and perinatal outcomes. ISRN Obstet Gynecol, 2012, 939762. 

Vrachnis N, Malamas FM, Sifakis S, Tsikouras P, Iliodromiti Z (2012) Immune aspects 
and myometrial actions of progesterone and crh in labor. Clinical and 
Developmental Immunology, 2012, 10. 

Vu Hai MT, Logeat F, Milgrom E (1978) Progesterone receptors in the rat uterus: 
Variations in cytosol and nuclei during the oestrous cycle and pregnancy. J 
Endocrinol, 76, 43-8. 

Waldroup L, Liu J-B (1997) Sonographic anatomy of the female pelvis. In Obstetrics and 
gynecology (eds Berman MC, Cohen HL), pp. 32-78. Philadelphia; New York: 
Lippincott-Raven. 

Wan HC, Melo RC, Jin Z, Dvorak AM, Weller PF (2007) Roles and origins of leukocyte 
lipid bodies: Proteomic and ultrastructural studies. FASEB J, 21, 167-78. 

Wang Y, Zhao S (2010) Placental blood circulation. In Vascular biology of the placenta 
(eds Wang Y, Zhao S). California: Morgan and Claypool life sciences. 

Warren WB, Patrick SL, Goland RS (1992) Elevated maternal plasma corticotropin-
releasing hormone levels in pregnancies complicated by preterm labor. Am J 
Obstet Gynecol, 166, 1198-204; discussion 1204-7. 

Wa̧Sowicz K, Majewski M, Łakomy M (1998) Distribution of neurons innervating the 
uterus of the pig. Journal of the Autonomic Nervous System, 74, 13-22. 

Webster M, Witkin KL, Cohen-Fix O (2009) Sizing up the nucleus: Nuclear shape, size 
and nuclear-envelope assembly. Journal of Cell Science, 122, 1477-1486. 

Wei LL, Hawkins P, Baker C, Norris B, Sheridan PL, Quinn PG (1996) An amino-terminal 
truncated progesterone receptor isoform, prc, enhances progestin-induced 
transcriptional activity. Mol Endocrinol, 10, 1379-87. 

Weiss JL, Malone FD, Emig D, et al. (2004) Obesity, obstetric complications and 
cesarean delivery rate--a population-based screening study. Am J Obstet 
Gynecol, 190, 1091-7. 

Weiss S, Jaermann T, Schmid P, et al. (2006) Three-dimensional fiber architecture of 
the nonpregnant human uterus determined ex vivo using magnetic resonance 
diffusion tensor imaging. The Anatomical Record Part A: Discoveries in 
Molecular, Cellular, and Evolutionary Biology, 288A, 84-90. 

Wellner MC, Isenberg G (1993) Properties of stretch-activated channels in myocytes 
from the guinea-pig urinary bladder. J Physiol, 466, 213-27. 

Wellner MC, Isenberg G (1994) Stretch effects on whole-cell currents of guinea-pig 
urinary bladder myocytes. J Physiol, 480 ( Pt 3), 439-48. 

Wendremaire M, Bardou M, Peyronel C, et al. (2011) Effects of leptin on 
lipopolysaccharide-induced myometrial apoptosis in an in vitro human model 
of chorioamnionitis. Am J Obstet Gynecol, 205, 363.e1-9. 

Wetzstein R (1965) [the myometrium: Morphology]. Arch Gynakol, 202, 1-13. 
Wetzstein R, Renn KH (1970) [arrangement of smooth muscle in the human uterus]. 

Verh Anat Ges, 64, 461-8. 



 

299 

 

White BG, Williams SJ, Highmore K, Macphee DJ (2005) Small heat shock protein 27 
(hsp27) expression is highly induced in rat myometrium during late pregnancy 
and labour. Reproduction, 129, 115-126. 

White TW, Paul DL (1999) Genetic diseases and gene knockouts reveal diverse 
connexin functions. Annu Rev Physiol, 61, 283-310. 

Who (1995) Physical status: The use and interpretation of anthropometry. In Report of a WHO Expert 
Committee). Geneva: World Health Organization. 

Who U, And Unfpa. Geneva (2004) Maternal mortality in 2000.). World Health Organizaton. 

Wikland M, Lindblom B, Dahlstrom A, Haglid KG (1984) Structural and functional 
evidence for the denervation of human myometrium during pregnancy. Obstet 
Gynecol, 64, 503-9. 

Wilfling F, Haas JT, Walther TC, Farese RV, Jr. (2014) Lipid droplet biogenesis. Curr Opin 
Cell Biol, 29, 39-45. 

Wilhelmsson L, Wikland M, Wiqvist N (1981) Pgh2, txa2 and pgi2 have potent and 
differentiated actions on human uterine contractility. Prostaglandins, 21, 277-
86. 

Wilson C, Nikitenko LL, Sargent IL, Rees MC (2004) Adrenomedullin: Multiple functions 
in human pregnancy. Angiogenesis, 7, 203-12. 

Woessner JF, Brewer TH (1963) Formation and breakdown of collagen and elastin in 
the human uterus during pregnancy and post-partum involution. Biochem J, 89, 
75-82. 

Wolfe C, Poston L, Jones M (1987) Digoxin-like immunoreactive factor, corticotropin-
releasing factor, and pregnancy. Lancet, 1, 335-6. 

Woodcock NA, Taylor CW, Thornton S (2004) Effect of an oxytocin receptor antagonist 
and rho kinase inhibitor on the [ca++]i sensitivity of human myometrium. Am J 
Obstet Gynecol, 190, 222-8. 

Woodcock NA, Taylor CW, Thornton S (2006) Prostaglandin f2alpha increases the 
sensitivity of the contractile proteins to ca2+ in human myometrium. Am J 
Obstet Gynecol, 195, 1404-6. 

Word RA, Kamm KE, Stull JT, Casey ML (1990) Endothelin increases cytoplasmic 
calcium and myosin phosphorylation in human myometrium. Am J Obstet 
Gynecol, 162, 1103-8. 

Word RA, Stull JT, Casey ML, Kamm KE (1993a) Contractile elements and myosin light 
chain phosphorylation in myometrial tissue from nonpregnant and pregnant 
women. Journal of Clinical Investigation, 92, 29-37. 

Word RA, Stull JT, Casey ML, Kamm KE (1993b) Contractile elements and myosin light 
chain phosphorylation in myometrial tissue from nonpregnant and pregnant 
women. J Clin Invest, 92, 29-37. 

Wray S (1993) Uterine contraction and physiological mechanisms of modulation. Am J 
Physiol, 264, C1-18. 

Wray S (2007) Insights into the uterus. Experimental Physiology, 92, 621-31. 
Wray S, Duggins K, Iles R, Nyman L, Osman V (1992) The effects of metabolic inhibition 

and acidification on force production in the rat uterus. Exp Physiol, 77, 307-19. 
Wray S, Jones K, Kupittayanant S, et al. (2003) Calcium signaling and uterine 

contractility. Journal of the Society for Gynecologic Investigation, 10, 252-264. 
Wray S, Shmygol A (2007) Role of the calcium store in uterine contractility. Seminars in 

Cell & Developmental Biology, 18, 315-320. 



 

300 

 

Wu X, Morgan KG, Jones CJ, Tribe RM, Taggart MJ (2008) Myometrial 
mechanoadaptation during pregnancy: Implications for smooth muscle 
plasticity and remodelling. Journal of Cellular and Molecular Medicine, 12, 
1360-1373. 

Wu Y, Macmillan LB, Mcneill RB, Colbran RJ, Anderson ME (1999) Cam kinase 
augments cardiac l-type ca2+ current: A cellular mechanism for long q-t 
arrhythmias. Am J Physiol, 276, H2168-78. 

Xia J, Wang LV (2014) Small-animal whole-body photoacoustic tomography: A review. 
IEEE transactions on bio-medical engineering, 61, 1380-1389. 

Xu C, You X, Liu W, et al. (2014) Pgf2alpha regulates the expression of uterine 
activation proteins via multiple signaling pathways. Reproduction. 

Yamamoto H, Van Breemen C (1986) Ca2+ compartments in saponin-skinned cultured 
vascular smooth muscle cells. The Journal of General Physiology, 87, 369-389. 

Yamazaki K, Yakumaru K, Eyden BP (1993) Lipid-rich residual bodies and cathepsin d in 
the human uterus: Ultrastructural and quantitative comparison between 
normal myometrium and leiomyoma. J Submicrosc Cytol Pathol, 25, 437-47. 

Yogev Y, Melamed N, Bardin R, Tenenbaum-Gavish K, Ben-Shitrit G, Ben-Haroush A 
(2010) Pregnancy outcome at extremely advanced maternal age. Am J Obstet 
Gynecol, 203, 558 e1-7. 

Young RC (2007) Myocytes, myometrium, and uterine contractions. Annals of the New 
York Academy of Sciences, 1101, 72-84. 

Young RC, Herndon-Smith L (1991) Characterization of sodium channels in cultured 
human uterine smooth muscle cells. Am J Obstet Gynecol, 164, 175-81. 

Young WS, 3rd, Shepard E, Amico J, et al. (1996) Deficiency in mouse oxytocin prevents 
milk ejection, but not fertility or parturition. J Neuroendocrinol, 8, 847-53. 

Yu Y, Dumollard R, Rossbach A, Lai FA, Swann K (2010) Redistribution of mitochondria 
leads to bursts of atp production during spontaneous mouse oocyte 
maturation. J Cell Physiol, 224, 672-80. 

Zebekakis PE, Nawrot T, Thijs L, et al. (2005) Obesity is associated with increased 
arterial stiffness from adolescence until old age. J Hypertens, 23, 1839-46. 

Zeeman GG, Khan-Dawood FS, Dawood MY (1997) Oxytocin and its receptor in 
pregnancy and parturition: Current concepts and clinical implications. Obstet 
Gynecol, 89, 873-83. 

Zhang J, Bricker L, Wray S, Quenby S (2007) Poor uterine contractility in obese women. 
Bjog, 114, 343-8. 

Zhang X, Shen P, Coleman M, et al. (2005) Caveolin-1 down-regulation activates 
estrogen receptor alpha expression and leads to 17β-estradiol-stimulated 
mammary tumorigenesis. Anticancer Research, 25, 369-375. 

Zhao J, Zhang J, Yu M, et al. (2013) Mitochondrial dynamics regulates migration and 
invasion of breast cancer cells. Oncogene, 32, 4814-24. 

Zhong N, Wu XP, Xu ZR, et al. (2005) Relationship of serum leptin with age, body 
weight, body mass index, and bone mineral density in healthy mainland chinese 
women. Clin Chim Acta, 351, 161-8. 

Zhou XB, Wang GX, Ruth P, Huneke B, Korth M (2000) Bk(ca) channel activation by 
membrane-associated cgmp kinase may contribute to uterine quiescence in 
pregnancy. Am J Physiol Cell Physiol, 279, C1751-9. 



 

301 

 

Zoubina EV, Fan Q, Smith PG (1998) Variations in uterine innervation during the 
estrous cycle in rat. J Comp Neurol, 397, 561-71. 

 


