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ABSTRACT
There has been much research into the process of angiogenesis (ie. growth of new blood
vessels from the existing vasculature) in relation to physiologic wound repair and

various pathoses. Results of these studies have led to conflicting views as to the role o

various vascular cells (endothelial cells and pericytes) and the exact sequence of cellul

events involved in angiogenesis. In addition, there has been a variety of in vitro and in
vivo models used to investigate angiogenesis and results from these studies have also
led to conflicting conclusions.
This research study used an in vivo model to examine angiogenesis in the physiologic
setting ofthe developing corpus luteum (CL) within pregnant rat ovaries. Its aim was to
describe definitively the sequential steps and the role ofthe vascular cells involved in
angiogenesis.
In the first experiment, CL from 24 pregnant albino Wistar rats were examined at days
1, 2 and 3 of pregnancy, both at the light microscopic and electron microscopic levels.
The electron microscope study indicated that the remnant follicular antrum became the
foundation for a major draining vessel in the newly developed corpus luteum. This
antral space was rapidly lined by a squamous epithelium and later became continuous
with the lumens of angiogenic sprouts.
Investigations of this early period of CL vascularisation at the light microscope level
(using lectin and aSMA to distinguish between endothelial cells and pericytes
respectively), determined that pericytes were actively involved from the onset of
angiogenic stimuli (at day 1), preceding endothelial cell invasion ofthe newly forming
corpora lutea (also at day 1). Furthermore, pericytes were also found to contribute to
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formation ofthe vessel wall (day 2), although this was not a permanent morphologic
feature.
These results conflict with many experimental findings from other studies. These
differences m a y be explained by the hormonal milieu present in a normal reproductive
setting compared with that associated with pathologic states.
It was decided to further examine the fate ofthe newly developed vasculature
throughout the 22 day gestation period ofthe rat. This entailed immunohistochemical
investigation of a further 20 pregnant albino Wistar rats at days 2, 10,16, 20 and 22 of
pregnancy and demonstrated the absence of apoptosis (programmed cell death)
involving endothelial cells and pericytes within the corpora lutea of pregnancy.
A further study of 42 pregnant albino Wistar rats examined the ultrastructural
mechanism of capillary formation in relation to a developing (albeit transient) endocrine
gland (ie. the C L ) at days 1, 3, 6, 10,16 and 22 of pregnancy. This demonstrated a
further peak in angiogenic activity from day 10 to day 16, coinciding with the period of
maximal steroid secretion by the C L . The results of this investigation also revealed
alterations in the shape of endothelial cells, surface area and thickness ofthe endothelial
cells to accommodate the secretory function ofthe luteal cells within the maturing C L of
pregnancy.

In summary, this project has fulfilled its major objective of utilising an in vivo model
qualitatively describe the roles ofthe endothelial cell and pericyte in the complex
phenomenon of angiogenesis. It provides an extensive description of this process and
also proposes a hypothesis for the molecular events which are taking place.
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CHAPTER 1

INTRODUCTION

2
INTRODUCTION

From the initiation of life through to death, there is a dependence on a patent vascular
system. The blood circulatory system transports gases and nutrients to, and waste
products from, the various tissues ofthe body. Once the embryonic vascular tree has
been established, all successive vascular growth proceeds from pre-existing blood
vessels, a process which is referred to as angiogenesis (Tony and Rongish, 1992).

Angiogenesis is essential for tissue growth to occur (Folkman and Cotran, 1976;

Auerbach, 1981) but, in the adult, it is normally a latent process which is only requi
during wound healing. However, angiogenesis does occur on a cyclical basis in the
female reproductive system where it is necessary for the maturation of pre-ovulatory
follicles (Koos, 1986), development ofthe corpora lutea (Goodman and Rone, 1985)
and repair and growth ofthe endometrium following menstruation (Findlay, 1986).

Disruption ofthe angiogenic mechanism is expressed in a variety of pathologic

conditions such as diabetic retinopathy (Davis, 1988), rheumatoid arthritis (Koch et al
1986), cancer growth and subsequent metastasis (Folkman and Cotran, 1976; Folkman,
1985). This has led to a multitude of studies exploring the process of angiogenesis
(Folkman, 1975; Zetter, 1980; D'Amore and Thompson, 1987; Paweletz and Knierim,
1989; Blood and Zetter, 1990).

These studies have resulted in general agreement on the stages involved in angiogenesi
namely: degradation ofthe basement membrane surrounding the vessel, migration ofthe

endothelial cells towards the angiogenic stimulus, proliferation ofthe endothelial cel
with the subsequent formation of a lumen, synthesis of abasement membrane around
the newly formed vessel and, finally, vessel regression.
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T w o cells directly involved in angiogenesis are the endothelial cell (EC) and the pericyte
(Pc), however there is disagreement as to the role ofthe pericyte. Some researchers
claim that the appearance ofthe pericyte signals the end ofthe angiogenic process
(Orlidge and D'Amore, 1987) while others propose an active angiogenic role for this
cell (Nehls et al. 1992).

To help clarify this issue, the present study examined both the temporal appearance and
relative role of EC and Pc in the physiologic angiogenic process occurring in the
developing corpus luteum (CL) ofthe pregnant rat ovary. Specific emphasis was placed
upon the contribution of Pc to angiogenesis. This entailed an electronmicroscopic (EM)
examination of cell morphology and was followed by cell-specific
immunohistochemistry at the light microscopic (LM) level.
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CHAPTER 2

LITERATURE REVIEW

PREFACE TO THE LITERATURE REVIEW

This literature review will discuss the biology ofthe blood circulatory system,
particularly EC and Pc, and describe various models which have been developed to
examine angiogenesis. It will conclude with a description ofthe structure and function
ofthe ovary.
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THE BLOOD CIRCULATORY SYSTEM

The components ofthe circulatory system are the heart, arteries and arterioles,
capillaries and venules and veins.
These components can be identified microscopically as follows:
Arteries (see Figure 2.1a) are the largest vessels and have a thick, outer layer (tunica
adventitia) composed of elastic and collagenous fibres, a middle layer (tunica media)
consisting of smooth muscle, collagen and elastic connective tissue with the innermost
layer (tunica intima) being composed of a specialised, simple, squamous epithelium
called endothelium. In large arteries the endothelium is often supported by a
subendothelial connective tissue layer.
Arterioles are similar to arteries but as they diminish in calibre, they have a smooth

muscle layer of 1-5 cells thick. Their function is to distribute blood to organs as demand
necessitates.
Capillaries, (see Figure 2.1c) where exchange of nutrients, metabolites and waste

products occurs, are the smallest vessels and connect arterioles to venules. They consist
of a single layer of endothelial cells (EC) which constitute the wall ofthe vessel lumen
and the EC are supported by a basement membrane. In most tissues EC are partly
supported by pericytes which share the same basement membrane as the EC but their
precise function has been the subject of much research (Tilton,1991).
Venules collect blood from the capillaries as well as fluid from the interstitial
compartment of tissue and drain it into veins. Their structure is similar to that of
arterioles but with thinner walls.
Veins (see Figure 2.1b) are similar to arteries except that they possess a thicker outer
layer, a thinner medial layer and, occasionally, the tunica intima folds into the lumena
form valves.
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Figure 2.1

Figure 2.1. A diagram illustrating the structure of an artery (a), a vein (b), and a
capillary (c). The relative size ofthe capillary has been enlarged to show detail.
(modified from Tortora, 1991a).

ENDOTHELIAL CELLS

Typically, endothelial cells are squamous, having a thin cytoplasm and a nucleus which
protrudes into the vessel lumen (Figure 2.3). At the EM level, the cytoplasm is found
contain rough and smooth endoplasmic reticulum, a few mitochondria and varying
numbers of pinocytotic vessicles. In the human, the cytoplasm also contains rod-like
granules called Weibel-Palade bodies, these structures are not found in rat EC.
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Cell surface molecules and basement

membrane

EC forming the vessel lumen are held together by a basement membrane and two types
of intercellular junctions: occluding and communicating (gap junction). The occluding
junction is a specialised region ofthe cell membrane which is associated with actin
filaments. These actin filaments are cytoskeletal proteins which are responsible for
maintaining cell shape. In addition, there are specific transmembrane proteins such as
cadherins, integrins, selectins and immunoglobulins which regulate the adhesive
interactions between cells (El-Hariry and Pignatelli, 1997).
Cadherins mediate calcium-dependent EC-EC interactions, possibly leading to assembly
of intracellular tight junctions, gap junctions and desmosomes (McCrea and Gumbiner,
1991).
EC manufacture a basement membrane matrix, the main components of which are:
laminin, type IV collagen, and heparan sulphate proteoglycan. Adams and Watt (1993)
described how the composition of this extracellular matrix (ECM) "is not static, and
changing patterns of expression of individual components are observed during
development... In addition to its structural role, the ECM is an information processing

medium that controls cell position, identity, proliferation and fate, both through dire
cell-ECM interactions and by acting as the contextual framework for the interactions of
growth factors and cytokines with their signaling receptors ".
EC interactions with the basement membrane are principally controlled by the integrins.
These transmembrane proteins anchor the cytoskeleton to the extracellular matrix
(Hynes, 1992) and play an important role in bidirectional transmembrane signalling
(Dedhar and Hannigan, 1996). The integrins that have been detected in resting
endothelia include: a6pT, a5pi, a2(31, and ocvp3, which are receptors for laminins,
fibronectin, collagens, and vitronectin respectively. The cell-matrix interactions
mediated by integrins are thought to be important in maintaining the polarity and
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positioning ofthe cells that m a k e up the vessel wall. In addition, the integrins are likely
to be involved in the sensing of (and subsequent responses to) changes in flow
conditions within the vessels (Ruoslahti and Engvall, 1997).

Selectins (E-, P- and L-selectin) mediate cell-cell interactions and Yoshida et al. (19
demonstrated that, following leukocyte adherence to cytokine-activated EC in vitro, the
cytoplasmic domain of E-selectin becomes attached to the cytoskeleton. In addition,
Kirkpatrick et al. (1997) found that stimulation of EC by the cytokine interleukin -ip
led to the expression of E-selectin "not only on the luminal surface, but also on the
abluminal surface, i.e. the plasma membrane surf ace facing the basement membrane".

The immunoglobulins found on EC include vascular adhesion molecule-1 (VCAM-1),
intercellular adhesion molecules-1,-2 and -3 (ICAM-1, ICAM-2 and ICAM-3) and
platelet endothelial cell adhesion molecule-1 (PECAM-1). The immunoglobulins are
transmembrane molecules which mediate adhesion in a calcium-independent fashion
and "play an important role in inflammation and the immune response by mediating
interactions between endothelial cells and leukocytes" (Silverstein and Silverstein,
1998). ICAMs and VCAM-1 are responsible for leukocyte attachment to the EC surface
while leukocyte extravasation is facilitated by PECAM-1, which is concentrated at the
lateral cell-cell junctions (Newman, 1997).

There are also cytoplasmic proteins such as a-, P- and y-catenins which interact with
cadherins to confer stability on the cell-cell junction (Takeichi, 1988). These catenins

also participate in intracellular signal transduction pathways, linking the cell surface
cytoplasmic and nuclear events (Hulsken et al. 1994). Pignatelli (1998) describes how
"a cross-talk between integrins and cadherins appears to occur during cell
differentiation and cell migration " and how "the cadherin/catenin complex influences
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and co-ordinates a variety of cellular processes including adhesion, differentiation,
polarity, migration, proliferation, and survival".

The adhesive interactions between cells, basement membrane, extracellular matrix and

the resultant intracellular signal transduction of cell surface events is illustrate
Figure 2.2.
Figure 2.2
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Immunoglobulins

Selectins

-Cadherins-

PECAM

Extracellular Matrix

Basement M e m b r a n e

Figure 2.2. A diagrammatic representation of the interplay between cell surface
adhesion molecules, cytoplasmic proteins, cytoskeleton and nucleus.

A capillary is seen in Figure 2.3 and it exhibits a variety of E C cell contacts. Both tight
junctions and open (gap) junctions are visible.
Figure 2.3

Figure 2.3. A capillary consisting of at least 4 E C . Note the lumenally protruding
nucleus of EC 1. This cell has cytoplasm with an extensive endoplasmic reticulum
(ER), some mitochondria (*) and a prominent Golgi apparatus (G). There are tight .
junctions present between EC 1 and 2, EC 3 and 4, and EC 4 and 1 (arrows). An open
junction is visible between EC 2 and 3 (arrowhead).
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Intercellular junctions

The type of intercellular junction present between E C varies depending upon the site of
the vascular tree being examined. Simionescu et al. (1975, 1976) described the various

junctions encountered at the different levels as follows: "In arterioles, the endothelium
has continuous and elaborate tight junctions with interpolated large gap junctions. The
capillary endothelium is provided with tight junctions formed by either branching or
staggering strands: gap junctions are absent at this level. Thepericytic venules exhibit
loosely organized endothelial junctions with discontinuous low-profile ridges and
grooves...No gap junctions are found in these vessels. The endothelium of muscular

venules has the same type of junctions...in addition, it displays isolated gap junctions
smaller size and lower frequency than in arterioles... The arterial endothelium is
provided with a complex of occluding and communicating junctions (gap junctions)
comparable to, though less elaborate than, that described in arterioles...In the venous
endothelium the junctions take the form of long occluding junctions with few associated
communicating junctions."

An electronmicrograph of a capillary is seen in Figure 2.3 demonstrating a variety of EC
cell contacts. Both tight junctions and open (gap) junctions are visible.

Endothelial cell functions

Due to their location, EC lining arteries, arterioles and large veins serve as a physical
barrier to the escape of fluid and diffusion of small, water-soluble molecules from the

lumen (Lew et al. 1989). This is understandable in that the main function of these larger

vessels is primarily a transport role, carrying blood to capillary beds. The EC of smalle

calibre vessels are involved in the transfer of molecules and gases from the bloodstream
into the extracellular space and vice versa (Simionescu et al. 1976).

In addition to this regulatory role, with respect to macromolecular diffusion, EC are
involved in many other processes. EC can detect changes in shear stress that occur with
changes in blood flow and respond by the synthesis and secretion of various substances
(cytokines) which act upon the underlying vascular smooth muscle cells either to dilate
or constrict the vessel wall (Bassenge and Heusch, 1990). The main vasodilatory
substances produced by EC are: endothelium-derived relaxing factor (Furchgott and
Zawadzki, 1980), endothelium-derived nitric oxide (Moncada et al. 1991), prostacyclin
and endothelium-derived hyperpolarizing factor (Harrison, 1992). A number of
vasoconstrictors are produced by EC including endothelin-1 (Yanagisawa et al. 1988),
angiotensin II, prostaglandins and the superoxide anion (Harrison, 1992).

Since the EC separate blood components from the vessel wall, their function is critical

to avoid disease states being established. Crucial to this is the ability of EC to preve

platelet aggregation on the vessel lumen and thus, the initiation of atherosclerotic plaq

formation. This is accomplished initially by the EC possessing an electronegative charge
which repels platelets and secondly by the degradation of adenosine diphosphate
(produced by platelets), thereby preventing further platelet adhesion. The EC also
produce other anticoagulant factors such as tissue plasminogen activator (van
Hinsbergh, 1988), prostacyclin (Czervionke et al. 1979) and endothelium-derived nitric
oxide (Radomski et al. 1987). To avoid haemorrhagic states, EC also produce
procoagulant factors such as tissue factor (Moldow et al. 1993), von Willebrand factor
and plasminogen activator inhibitor (Fujii et al. 1992). Thus, a balance between
anticoagulant and procoagulant activity by EC is essential for proper functioning ofthe
organism.
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The endothelium also has a growth regulatory role which involves the production of
both growth factors and growth-inhibitory substances. Under normal conditions, the
production of growth-inhibitory substances predominates. However, certain cytokines
such as tumour necrosis factor-cc (TNF-ct) can induce the synthesis and release of
mitogenic growth factors by EC (Haijar et al. 1987). Some of these factors include

platelet-derived growth factor (PDGF) and basic fibroblast growth factor (Totani et al.
1994).

EC have a variety of cell surface molecules which interact with circulating blood cells.
One of these is thrombomodulin (Miyake et al. 1992), a high affinity ligand for
thrombin, which catalyses the thrombin activation of protein C (a protein involved in
anticoagulation).

The role of EC in inflammation has been investigated by Gimbrone et al.(1990). Under
normal physiologic conditions, EC express cell surface adhesion molecules belonging to
the immunoglobulin family which include intercellular adhesion molecules-1 and -2
(ICAM-1 and -2) and vascular adhesion molecule-1 (VCAM-1). Both of these
molecules facilitate leukocyte adhesion to the vessel wall (Carlos and Harlan, 1994).
When stimulated by various inflammatory cytokines such as interferon and interleukin1, expression of intercellular adhesion molecules ICAM-1 and VCAM-1 is increased
with resultant adhesion of leukocytes to the vessel wall (Yamamoto et al. 1998). This
facilitates extravasation of leukocytes into the subendothelial space, which is a
necessary event in the inflammatory process. However, over-expression of these
adhesion molecules can also result in atherosclerosis and connective tissue diseases
(Gimbrone et al. 1990).

O f particular relevance to this project is the fact that E C also play a role in the
development ofthe corpus luteum, a transient endocrine gland present in the ovary. EC
secrete prostaglandin I2 (Milvae and Hansel, 1980) which stimulates progesterone
production by luteal cells. In addition, Meidan and Girsh (1997), reported that EC

secretion of endothelin-1 is "preferentially released toward the basal cell surface rat
than toward the luminal surface and thus may reach nearby luteal steroidogenic cells
and reduce their progesterone output". Thus EC also modulate progesterone production
in the ovary.

PERICYTES

Pericytes are mesenchymal cells which possess long cytoplasmic processes that
surround EC (Figure 2.4). Pc are invested within a basement membrane which is
continuous with that ofthe endothelium it surrounds.

Pericyte fun ctions

Pericytes were first described by Rouget (1873) but further research did not occur unti
later this century. The pericyte has had several functions credited to it such as:
(1) Protein synthesis- pericytes are responsible for the production of basement
membrane components such as fibronectin (Courtoy and Boyles, 1983),
thrombospondin and laminin (Schor et al. 1992), and collagen (Sunberg et al. 1996).
(2) Structural support- Williamson et al. (1980) found that "pericyte processes
demonstrate considerable variation in shape and frequently form bridges between
neighboring capillaries ".

(3) Contractility- Courtoy and Boyles (1983) reported that pericytes contained abundant
actin microfilaments and cyclic-GMP dependent protein kinase and that

"microfilaments in pericytes are preferentially located along the plasma
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membrane

facing the endothelium ". They suggested that the arrangement of microfilaments and
dense plaques along the pericyte membrane with the fibrous and basement membranelike material (fibronectin) provided a mechanical linkage with the EC. This linkage
would facilitate contraction or relaxation ofthe pericyte with a resultant alteration in
capillary diameter. Herman and D'Amore (1985) demonstrated that pericytes possessed
muscle actins associated with smooth muscle cells as well as nonmuscle actins
associated with EC.
(4) Phagocytosis- Mato et al. (1980) reported that pericytes contained granules which
were strongly positive for acid phosphatase. In addition, "The presence of deep
plasmalemmal infoldings, coated vesicles and lysosomes suggests that these organelles
represent a pathway for the uptake and digestion of waste products in the central
nervous system ".
(5s) Pluripotentialitv- the ability of pericytes to differentiate into a variety of cell
has been widely reported. Rhodin (1968) reported that the pericyte ultrastructure is
indicative of mesenchymal cells ofthe embryo, hence it maybe able to differentiate into
various cell types depending upon the environmental stimuli present. In addition, it is
quite possible that this differentiation may occur in the adult without involving cell
mitosis. Richardson et al. (1982) found that pericytes could differentiate into immature
adipocytes after 5 days following thermal injury to the inguinal fat pad of rats. Rhodin
and Fujita (1989) described the transformation of pericytes into smooth muscle cells in
the developing rat mesentery. Diaz-Flores et al. (1992) examined periosteal
osteogenesis and concluded that "the process of bone formation from cells already

present in the periosteum is augmented by proliferation and differentiation of pericytes,
which contribute a supplementary population of osteoprogenitor cells ". In 1996,

Doherty et al. reported that "pericytes behave like osteoblasts both in vitro and in vivo
and may play an important role in bone formation ". Sunberg et al. (1996) suggested

The close relationship between E C and pericytes is demonstrated in Figure 2.4.
Figure 2.4

Figure 2.4. A capillary which is surrounded by a pericyte. The capillary consists of at
least 6 EC. Tight junctions are present between EC 1 and 2, 4 and 5, and 5 and 6
(arrows). There is an open (fenestrated) cell junction present between EC 2 and 3
(arrowhead). The pericyte nucleus (Pc) is located ablumenally and the cytoplasm

extends around the capillary wall. A tight junction (T) is seen between the Pc and E
The Pc cytoplasm contains a few mitochondria (*), and some endoplasmic reticulum
(ER) is also evident.

that "a population of intramural pericytes migrate into the perivascular space and
develop into collagen-synthesizing fibroblasts during fibrosis ".
(6) Cell communication- due to its proximity to the EC and sharing of a common
basement membrane the pericyte is ideally situated for this function (See Figure 2.4).
Larson et al. (1987) demonstrated the presence of gap and tight junctions between EC
and pericytes. They described the gap junction as "the ultrastructurally defined,

intercellular membrane specialization that is presumed to be the site of direct cell-tocell transfer of small metabolites and ions ". Their in vitro study demonstrated the
extensive nucleotide (uridine) transfer which occurred between EC and pericytes.
(7) Enzyme activity- Akagi et al. (1983) demonstrated the presence ofthe enzyme
aldose reductase in the cytoplasm of pericytes. This enzyme is responsible for the
reduction of various hexose sugars to their sugar alcohols and is implicated in the
pathogenesis of several diabetic conditions. Cultured retinal pericytes were shown by
Zoller and King (1988) to produce increased amounts of succinate dehydrogenase,
glucose-6-phosphate dehydrogenase and lactate dehydrogenase in high glucose

conditions similar to that found in diabetes. This may relate to the fact that pericytes
the first microvascular cell to exhibit degenerative change in diabetes.

(8) Modulation of cell adhesion- Dore-Duffy et al. (1996) investigated the expression of
cell surface markers on activated EC. These surface markers facilitate adhesion
reactions and leukocyte migration through the blood vessel wall. Activated EC produce
transforming growth factor beta (TGF-P), which has been shown to down regulate
leukocyte adhesion to EC. They describe how TGF-p (released by pericytes) inhibits
interferon gamma-mediated activation of rat central nervous system micro vessel EC,
thereby facilitating recovery from experimentally-induced autoimmune
encephalomyelitis.

BLOOD VESSEL DEVELOPMENT

Development ofthe vascular system is described by T o n y and Rongish (1992) as
involving "two distinct mechanisms: vasculogenesis and angiogenesis. Vasculogenesis,
which occurs only during embryonic development, involves the de novo development of
blood vessels. Angiogenesis, which occurs during later development ofthe organism...
is the sprouting of new blood vessels from preexisting vessels. "

Several classical steps have been identified in the process of angiogenesis and these
include:
(1) Basement membrane degradation
Following an angiogenic stimulus, local degradation ofthe basement membrane ofthe
endothelium is performed by specific enzymes (eg. plasminogen activators and
collagenases) which are released from EC and leukocytes (Madri and Pratt, 1988).
(2) EC migration
Disruption ofthe basement membrane permits EC to migrate into the perivascular space

toward the angiogenic stimulus. This results in elongation ofthe EC with long, villous
cytoplasmic processes (pseudopodia) which form a capillary sprout.
(3) EC proliferation
EC mitosis is evidenced in the cells proximal to the sprout tip (Ausprunk and Folkman,
1977) and occurs about 24 hours after initiation of EC migration (Madri and Pratt,

1988), thus permitting minimal loss of vascular continuity in the newly forming vessel.
(4) Lumen/tube formation
Lumen formation occurs by one of at least three known methods: (a) by the coalescence
of vacuoles present in the cytoplasm of adjacent EC (Folkman and Haudenschild, 1980,

Meyer et al. 1997), or (b) by the enclosure of intercellular spaces between adjacent EC
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(Wakui, 1988), or (c) by a transcapillary "interendothelial bridge" being remodelled
(Caduffefa/.,1986).
(5) Tube stabilisation
Following establishment ofthe capillary network of tubes, the EC and accompanying
pericytes secrete proteins such as collagen types IV and V, and laminin (Madri and
Pratt, 1988), which are involved in the synthesis of a new basement membrane which
assists in the stabilisation ofthe newly formed capillary tube. The pericytes which
accompany the EC have been shown to inhibit EC growth and their appearance is
purported to signal the end ofthe angiogenic process (Orlidge and D'Amore, 1987).
(6). Vessel regression/remodelling
Many researchers have noted that many newly formed vessels regress during
angiogenesis (Clark and Clark, 1939, Ausprunk et al, 1978). It has been shown that
involution of newly formed vessels occurs during cyclic corpus luteum regression
(Augustin et al, 1995). Two features of this vascular involution are basement

membrane dissolution and endothelial cell apoptosis (Madri et al., 1996, Modlich et al.
1996). The term apoptosis is derived from the Greek language and used to describe the

falling off of leaves from trees. The term was first used in a biologic sense by Kerr et
al., (1972) who described how apoptosis "characteristically affects scattered single
cells, and is manifested by the formation of small, roughly spherical or ovoid
cytoplasmic fragments, some of which contain pyknotic remnants of nuclei. "

MODELS OF ANGIOGENESIS

Research into angiogenesis has required the development of suitable models and these
have been categorised as either in vitro or in vivo systems.

Development of "in vitro" models

The initial in vitro investigations were performed by Lewis (1931) w h e n 2,000 cultures
ofthe skin and subcutaneous tissues of 7 and 8 day-old chick embryos were grown in a
Locke-bouillon-dextrose medium. Motion pictures were taken and these showed
migration of endothelial cells (EC) and growth of capillaries towards the periphery of
the embryo, along with formation of a capillary plexus. In addition to the migration,
there was an increase in the number of cells by mitotic division.

Small isolated lumina were present which were devoid of blood cells and the author
suggested that:
(1) they were originally connected with some capillary lumen in the outgrowth and
later were separated;
(2) fluid or plasma was secreted between closely applied EC;
(3) they are formed by vacuolization within the cells.

Lewis also suggested that the migration of preformed capillaries in culture questions
how much ofthe capillary has:
(a) migrated out from the tissue explant;
(b) been lengthened by the proliferation of cells in its walls (interstitial growth);
(c) formed by the progressive extension ofthe lumen into the solid endothelial tip that
increased parallel with the tip by the multiplication ofthe cells there (apical
growth).
Lewis discovered two outstanding features of these "endocapillary" outgrowths:
(1) plexus formation in the absence of any circulation or blood pressure;

(2) migration of preformed capillaries of various sizes with their contained blood cells
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M a r u y a m a (1963) used the h u m a n umbilical cord as a source of E C , which were
harvested by flushing the umbilical vein with trypsin and then the EC were grown in
YLH medium which contained lactoalbumin hydrolysate 0.5% and yeast extract 0.1% in
Hank's balanced salt solution.

Fryer et al. (1966) repeated Maruyama's earlier work and discovered that, when grown
on a coverslip, EC would flatten out to form a monolayer within 24 hours and this

monolayer did not spread by replication and migration, as was observed with fibroblast
The EC cultures remained viable for periods ranging from 2 to 5 weeks.

In contrast, fibroblasts varied in size and their processes overlapped and formed

networks, hi addition, fibroblasts replicated rapidly and could be maintained for seve
months.
As with Maruyama's culturing system, Fryer et al's cultures failed to grow and instead
they exhibited progressive degenerative changes.

In 1972, Jaffe et al. grew EC in culture. They incubated human umbilical veins in
buffered collagenase solutions. The intimal cells were enzymatically removed and
cultured in Medium 199. They found that when cultured "on plain and collagen-coated

cover slips, these cells grew as a monolayer of closely opposed polygonal cells, 50x 70

with prominent intercellular interdigitations." They used fluorescent antibody stainin
thrombosthenin, mixed cell agglutination reactions for ABO blood group antigens, as
well as electron microscopic criteria to identify the cells as EC.

Gimbrone et al. (1974a) established primary and subcultures of umbilical vein
endothelium by collagenase treatment ofthe veins and then cultured them in Medium
199, supplemented with 20% foetal calf serum. They found that the control ofthe
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digestion time and the concentration of collagenase was critical for successful cell
isolation and culture.

Del Vecchio et al. (1977) devised a technique for isolating capillary segments from rat
adrenal glands. This involved removal ofthe adrenal capsule, bisection ofthe gland and
immersion and stirring ofthe gland in a solution of Dulbecco's PBS containing BSA
(0.5%) and collagenase (0.75 g%, Worthington type II). This was then centrifuged to
produce a pellet which was then incubated in a petri dish containing Medium 199. After
removal of excess medium and unattached cells by submersion ofthe petri dish in
Dulbecco's PBS containing antibiotics, the adherent material was examined using light
microscopy and scanning electron microscopy. This confirmed the material to be
composed primarily of capillary segments, and transmission electron microscopy
revealed that the patency ofthe lumen and morphology ofthe EC was maintained. In
primary culture, the organisation ofthe segments was lost as the cells tended to form

monolayers and, during this process, the plasma and red blood cells contained within th

segments were lost. This culturing technique still could not overcome the difficulty of
maintaining EC viability for more than a few weeks.

This problem was addressed when Folkman et al. (1979) modified Del Vecchio et aTs
technique by using tumour-conditioned medium, gelatin-coated plates and a method of
enriching capillary EC in primary culture to clone bovine EC from bovine adrenal
cortex. The cells were identified as EC by electron microscopy, Factor VIU antigen and

angiotensin-converting enzyme. In addition, certain features distinguished capillary EC
from aortic EC and these were twofold:
(1) when capillary EC were grown in tumour-enriched medium (mixed 1:1 with fresh
Dulbecco's modified Eagle's medium containing 10% calf serum), the cells grew
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rapidly with a doubling time of 28 hours, whereas aortic E C exhibited no change
in growth rate;

(2) capillary EC could not grow on tissue culture plastic unless it had been coated wit
a gelatin matrix.
There was also a difference in the viability of cultured capillary EC from different
species, with human capillary EC being less viable. This technique produced capillary
EC which had survived freezing, storage and thawing while still maintaining viability
after 8 months.

Madri and Williams (1983) developed the amnion model as a three-dimensional culture

system to obtain a better understanding ofthe growth kinetics more likely to be found i
the living organism. The acellular amnions were composed of a basement membrane
structure lying on an interstitial stroma. The basement membrane was composed of
types IV and V collagen and laminin, while the stroma consisted of types I and in
collagen. No fibronectin was contained in this amnion model.

Capillary EC grown on the basement membrane aspect ofthe amnion "displayed

differentiated behaviour in that they form tubelike structures on the basement membrane
surf ace...In contrast, the cells grown on the stromal aspect ofthe amnion expressed a
markedly different phenotype in that they appear to undergo considerable proliferation
and migrate into the stromal substance, stopping only when contacting the underside of
the basement membrane."

It was considered by these investigators "that interstitial collagens evoke a high
proliferative rate and elicit a migratory response ...consistent with the phenomena of

capillary endothelial cell migration and proliferation observed in vivo after soft tiss

injury when the endothelial cells are freed of constraints of their basement

membrane

and are exposed to the interstitium. "

An initial problem encountered by these investigators was the inability to obtain initi
three-dimensional seeding of cells. This problem was overcome by Montesano et al.
(1983) who seeded capillary EC in three-dimensional collagen gels and observed the
formation of tube-like structures with luminal and abluminal basal lamina. However,
this collagen gel model lacks the cell-directed organisation ofthe matrix which occurs
in the living organism.

Madri and Pratt (1986) proposed using an isotropic three-dimensional matrix to
overcome the shortfalls ofthe collagen gel model and chose bovine corneal stroma for

this purpose. They "noted that capillary endothelial cells plated in collagen gels aroun
corneal stromal plugs form tube-like structures but do not migrate into the corneal

tissue unless stimulated by implantation of angiogenic factor in the center ofthe corne
tissue. In this system (after implantation of angiogenic factor), the migration of
endothelial cells proceeds in a radial fashion from the periphery in planes parallel to
the orthogonal arrays ofthe corneal collagen fiber bundles. The organization of
particular matrices therefore appears to have significant effects on the angiogenic
process, and may eventually be shown to be important in modulating rate, extent, and
organization of neovascularization."

Application of "in vitro" models

Once techniques for EC culture were refined (Jaffe et al. 1972), many in vitro systems
(Madri and Stenn, 1982 ; Furcht, 1986; Dvorak et al. 1988; Ingber and Folkman, 1988)
were employed to examine various aspects of angiogenesis such as the following:

(a) E C function- Shepro et al. (1975, 1980 and 1988) demonstrated the uptake of
exogenous serotonin by EC as well as exemplifying phenotypic differences between
macro- and micro vessel EC. These differences included a saturable serotonin receptor
being present in microvessel EC whereas a receptor-mediated transport mechanism for
aortic EC could not be demonstrated. In addition, aortic endothelium was found to
synthesise a fibrinolytic inhibitor while cardiac microvessel EC could not.

Sueishi et al. (1989) examined the activation of fibrinolysis by urokinase-type
plasminogen activator derived from bovine EC. They discovered that the activation of
fibrinolysis increased the extent of tube formation in a dose-dependent manner with a
resultant enhancement of angiogenesis.

(b) Wound healing response was investigated by Sholley et al. (1977) during the
repair of mechanical denudation (wounding) produced in cultured monolayers of EC in
culture. This study indicated that small endothelial defects could be repaired by
migration of adjacent EC

Pepper et al. (1987, 1989, 1990) combined the wounded monolayer model with a

substrate overlay technique to allow direct observation of proteolysis around migratin

EC.

(c) EC chemotaxis and chemokinesis- Zetter (1980) adopted the phagokinetic track
assay of Albrecht-Buehler (1977) to demonstrate that tumour-derived factors stimulate

the migration of capillary EC while having no effect on the migration of aortic EC. Th

technique involved plating cells on top of a gold particle-coated cover slip. The cell

produce surface protrusions and digest the particles in an annular pattern. The migrat
of cells can thus be visualised as they phagocytose the gold particles during their
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migration. Chemokinesis refers to the stimulation ofthe random motility of a cell by
chemical mediators while chemotaxis refers to the directed migration of cells towards
higher or lower chemical concentrations.

Obeso and Auerbach (1984) studied EC movement on polystyrene bead monolayers
using both light microscopy and inverted phase microscopy. They concluded that "cell
migration has been found to be affected by the type of protein matrix used ....this may
result from differences in cell-substrate ahesiveness or.... an orthokinetic (nonreceptor-mediated migration) or chemokinetic response by the protein matrices acting
as immobilized kinases."

Stokes et al. (1990) used an under-agarose assay with linear geometry to measure
migration of human EC in uniform concentrations and gradients of acidic fibroblast
growth factor. They concluded that "microvascular EC chemotaxis accounts for the
directed microvessel growth observed in angiogenesis. "

(d) Effect of substrate on tube formation - Maciag et al. (1982) grew human
umbilical EC in Medium 199 supplemented with foetal bovine serum and EC growth
factor on a human fibronectin matrix. They discovered that alteration ofthe culture
components could change EC from a proliferative to an organised state. This may reflect

what is occurring at the microscopic level when proteases are released following injury
or tumour growth, thus disrupting the extracellular matrix, which in turn releases
breakdown components that alter the EC from a resting phenotype to an organisational
phenotype, which favours angiogenesis.
Madri and Pratt (1986) found that "When capillary EC were cultured on type IV or type
IV-V collagen-coated petri dishes, the cells were observed to organize into tube-like
structures having lumina and highly organized cell to cell junctional complexes. In
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contrast, when grown on type I-III collagen-coated dishes, the cells proliferated and
formed a confluent monolayer. "

Thus, the interstitial collagens (types I and IQ) favour proliferation while the basemen
membrane-associated collagens (types IV and IV-V) support a more mature cell type.
This again emphasises the role ofthe extracellular matrix in modulating EC behaviour.

Nicosia and Ottinetti (1990) used a serum-free culture (MCDB 131) to test the
inhibitory or stimulatory effects of a variety of soluble and matrix factors on
angiogenesis. The absence of serum eliminated factors which could "bind, inactivate or
stimulate the action ofthe substance being tested. "

(e) EC proliferation- Watt and Auerbach (1986) investigated the EC-specific
mitogenic effect of a supernatant obtained from secondary mixed leukocyte cultures.
They discovered that this "partially purified lymphokine preparation can stimulate
growth of microvascular endothelial cells, yet fails to induce proliferation of large
vessel endothelium and a variety of other cell types. "

Folkman and Klagsbrun (1987) reviewed these angiogenic factors and divided them into
two groups: "(i) those that act directly on vascular endothelial cells to stimulate
locomotion or mitosis; and (ii) those that act indirectly by mobilizing host cells to
release endothelial growth factors. "

Heimark and Schwartz (1988) investigated EC replication and concluded that " No
growth factor.... has been described which stimulates growth once the cells have
reached stationary density. " This study confirmed the phenomenon of contact
inhibition which distinguishes EC behaviour in vitro from other cell types such as
fibroblasts and smooth muscle cells.
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(f) Role of pericytes in angiogenesis- Orlidge and D'Amore (1987) co-cultured bovine
EC with pericytes (derived from bovine retinas), bovine smooth muscle cells, human

dermal fibroblasts, retinal pigment cells, Madin-Darby canine kidney epithelial cells an
3T3 cells, and followed their growth over a 14 day period. The study was divided into
two groups, one which allowed contact between the cells and a second in which contact
was prevented.

The data showed that pericytes and smooth muscle cells (SMC) were found to inhibit
EC proliferation by a mechanism which requires contact or proximity ofthe cells. The

authors state that "morphologic studies of developing capillaries correlate the arrival
pericytes with the cessation of EC migration and proliferation ...Since pericytes
synthesize matrix components, alterations ofthe capillary basement membrane (shared
by both cells) may be one mechanism for modulation of EC behaviour by pericytes." In
addition, both SMC and pericytes form junctions with EC (Larson et al. 1987, Huttner
et al. 1973) and the metabolic cooperativity between the cells via these junctional
communications may also be responsible for the inhibition of EC proliferation.

In contrast to this observation, Nehls et al. (1992) found that pericytes were involved

the earliest stages of angiogenesis and assisted EC migration and sprout formation. Thi

view is also supported by Schor et al. (1992) who suggest that EC and pericytes are both
actively involved in the angiogenic process.

"In vivo" models
A variety of in vivo models has been developed and includes the following:

(a) Observation and description is the simplest technique and such a study was
undertaken by Clark (1909) in which the growing transparent fin ofthe frog larva {rana
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sylvatica) was used as the model. After anaesthetising the tadpole with chloretone, the
growth of blood vessels was assessed by making detailed drawings and camera lucida
recordings on a daily basis.

Clark (1918) further expanded this work by using a low power microscope to select an
area of capillary growth and he recorded changes which were occurring. He also kept
records ofthe direction of blood flow as well as the comparative rate and amount of

flow in the vessel. He concluded "that arterioles and venules develop by the sending out
of numerous capillaries, in various directions, which anastomose, adding new loops of
circulating capillaries to those already present. Of these new loops some...disappear:
others are incorporated as parts of arteriole or venule or remain as capillaries. "

These basic observational principles have been used with contemporary studies utilising
more sophisticated equipment. Rhodin and Fujita (1989) used light and electron
microscopy coupled with video recordings to explore angiogenesis in the developing
microvascular bed ofthe young rat mesentery. This involved exposing the mesentery

(under general anaesthesia) and then intravital video recordings were used to study flo

patterns in the arteriolar-venular arcades, as well as oscillating plasma columns in the
newly formed capillaries. Tissues were also processed for standard light and electron
microscopic evaluation and could be correlated to angiogenic events captured on video.
The main disadvantage of this system was that the rat mesentery could be exposed for
only 1-2 hours without causing damage. Thus, capillary sprout growth could be followed
for only a short period of time. However, the authors discovered that fibroblasts

differentiated into pericytes and these further differentiated into smooth muscle cells.

(b) Chick chorioallantoic membrane model (CAM)- this was initially explored by
Rous and Murphy (1911) who used fertilised eggs from pure-bred fowls (barred
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Plymouth Rocks) which were susceptible to a type of avian sarcoma. Using chick
embryos from 6 to 16 days of age, a small window was cut in the egg-shell followed by
a smaller window in the underlying shell membrane. The tumour tissue was injected

into the chick embryo using a sterile syringe and the shell opening was then sealed usi
the original piece of shell overlaid with strips of moist shell membrane. The authors
observed that tumour growth occurred within the egg-shell membrane and embryo. They

also discovered that tumour growth could be initiated using a cell-free filtrate obtain
from the sarcoma.

Alfthan (1956) compared the growth of skin and human skin tumours on the chorioallantoic membrane of fertilised chicken eggs and concluded that, in addition to good
nutritional conditions, the chicken embryo has no general defence mechanism against
foreign tissues.

The procedure was further modified by other investigators (Zwilling,1959; Knighton et
al. 1977; Auerbach, 1981 and Folkman, 1982). The main advantage ofthe CAM is that
it lacks a mature immune system, thus allowing xenogenic grafts from mammalian
species to be established and observed.

(c) The transparent rabbit ear chamber model was used by Sandison (1924) to
investigate the growth of tissue in the rabbit ear. The chamber consisted of two halves

separated by a piece of isinglass and was inserted (following local anaesthesia) into t
ear via an incision through the skin down to the cartilage.

After suturing the chamber in position, the undersurface ofthe ear would be stripped of
skin and connective tissue to allow unimpeded vision ofthe ear chamber. Microscopic
observation was performed by tying the rabbit's feet and holding its head in a wooden
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collar and trough. This allowed the ear to be clamped over a glass slide which was held
by a mechanical stage, and the author stated the rabbit "remains quiet for hours and
observations may be made day after day for weeks. "

From this study and a further study in 1928, Sandison noted that new vessel growth
occurred by the sending out of sprouts from pre-existing capillaries. Once a capillary
plexus is formed, there is a reduction in the diameter of distended and bulbous-tipped

vessels followed by a reduction in the number of vessels. Along with a slight increase in
diameter of some ofthe precapillaries, muscle elements begin to appear on their walls
and these vessels develop into contractile arterioles.

Clark et al. (1930) modified the chamber changing it to an oval or round shape and
replacing the isinglass with kodaloid (celluloid). They also avoided retraction ofthe

skin edges by using protective kodaloid collars and substituted ether and alcohol to sea
the parts ofthe chamber to provide a clearer observation table.

Clark repeated this study in 1939 and concluded that "the process of growth in respect
to sprout formation, anastomosis, lumen formation and retraction of surplus capillaries
was the same in the transparent tail of amphibian larvae and in the transparent
chambers installed in the ears of adult rabbits. Cells resembling fibroblasts were
observed to adhere to the walls of newly formed blood capillaries in the living mammal,
and to remain as adventitial cells. "

Cliff (1963) used ear chambers in "Half-lop" rabbits and examined them using the light
microscope with bright field illumination. He took photomicrographs at 2-day intervals
to measure the growth in each chamber.
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H e followed this study with a time lapse cinemicroscopic study in 1965. Filming was
performed at 8 pictures/minute and prints ofthe film viewed at an increased speed with
photographic enlargements made of selected frames for closer evaluation and
comparison.
He determined that the source of EC involved in angiogenesis was situated in the zone
proximal to the growing tips ofthe blood vessel sprouts. He also observed EC migrating
on the luminal surfaces of vessel walls as well as into and along the walls of blood
vessel sprouts finally to reach their tips. He proposed that when new blood vessels are
being formed:
"(1) A cord or strand is formed in continuity with an existing vessel;
(2) Spaces develop between the apposed endothelial cells.
The spaces between the endothelial cells forming the cord continue to enlarge and

coalesce until (a) a connexion is established with the lumen of one parent vessel and (b
only one large space, the new lumen, is present between the endothelial cells. "
Maturation ofthe newly formed vessel involved the incorporation of adventitial cells in
the vessel wall.

(d) Corneal pocket assay model- this involves initiation of angiogenesis in the
normally avascular cornea. Greene (1941) transplanted tumours to the anterior chamber
ofthe eye in guinea pigs, swine, goats and sheep.
The procedure involved opening the anterior chamber ofthe eye under general
anaesthetic. After allowing a small amount of aqueous humor to escape, a fragment of
tumour tissue (~lmm in diameter) is inserted into the chamber and then forced into the
inferior angle ofthe iris by using a blunt instrument.

The corneal incision closes after removal ofthe inserting instrument. Progress of growth
can then be examined either with the naked eye or microscopically. Greene discovered
that the tumours obtained a blood supply from the foreign host and invaded the

periorbital tissues but did not metastasise. In addition, there was no lymphocytic
infiltrate or cellular evidence of a foreign body reaction.
Gimbrone et al. (1974 b) modified Greene's model using the slit lamp stereomicroscope
to allow observations to be made without the need for special manipulations in the
awake animal. He investigated the response to tumour cells as well as polyacrylamide
gels containing cell-free extracts of tumour cells and normal cells.

(e) Wound healing chambers were used by Schilling et al. (1959) and involved
positioning stainless steel, wire-mesh open-ended cylinders subdermally. Sterile

polyvinyl sponges were also inserted as a control. The chambers are removed at the end
ofthe experiment and the connective tissue on the outside ofthe chamber is peeled
away to allow examination of each chamber's contents. The open ends ofthe cylinder
allowed needle aspiration of its contents for analysis.

The microscopic and histochemical findings in the polyvinyl sponge implants were

hindered by the presence of giant cells, sponge material and calcium deposits. The ti
collected in the wire, however, was free of foreign matter and allowed problem-free
analysis.
The technique was used by Hunt et al. (1967) to investigate the oxygen and carbon
dioxide tension, together with hydrogen ion concentration in a healing wound. The
wound fluid was found to contain fibroblasts and leukocytes, both of which consume
oxygen. Thus it was considered that measurements of oxygen, carbon dioxide and

hydrogen tension would reflect both the availability of oxygen (hence, a blood supply)

and metabolic activity (carbon dioxide and hydrogen ion production) within the healin
wound.

It was also found that there was no appreciable difference in oxygen tension at 5 and 10
days, even though there had been an increase in the number of fibroblasts present. This
would indicate that the oxygen supply had increased in response to the extra demand.
However, the carbon dioxide tension had increased from 40 to 70 mm Hg. This was
thought to be an indication that either the wound was using large amounts of oxygen or
the wound was poorly perfused.

It was hoped that this model would allow investigation ofthe effect of local and
general vasoconstrictors which will affect blood flow, the effect of hypovolemic shock
and anaemia, and the effect of agents such as steroids and irradiation."

Sporn et al. (1983) inserted chambers bilaterally into the backs of male Buffalo rats an

(using one side as a control) injected transforming growth factors into the chambers. He
discovered that "P-transforming growth factors can significantly accelerate a wound
healing response."

There have been variations of this model such as direct observation of an artificially

created wound in either muscle or the cornea (Schoefl, 1963), inserting viscous cellulose
sponges intraperitoneally (Roberts and Hayry, 1976), subcutaneous placement of a
polyvinyl alcohol foam sponge (Fajardo et al. 1988) and placing alginate beads
impregnated with either tumour cells or growth factors subcutaneously (Plunkett and
Hailey, 1990).

All of these wound healing models involve placement of a foreign body (which may
contain various agents to be analysed) subcutaneously and, after an allotted period of
time, they are retrieved for microscopic and histochemical evaluation.

(f) T h e hamster cheek pouch model- Billingham et al. (1960) concluded that the
loosely packed areolar tissue ofthe Syrian hamster cheek pouch was responsible for the
immunologic privilege provided by the pouch.

Shepro et al. (1963) noted that the cheek pouch was devoid of lymphatic vessels and
concurred with Billingham et al's observation.

Goodall et al. (1965) placed a transparent Plexiglass chamber with a mica coverslip in
the hamster cheek pouch under anaesthesia. A fragment of tumour tissue was placed in
the chamber and the angiogenic process observed and photographed using a modified
microscope.

Further investigation ofthe tissue can also be performed using traditional histological
techniques.

Schreiber et al. (1986) used this technique to study the effects of growth factors on t
vasculature.

(g) Vascular casting technique- this was first implemented by Tano et al. (1981 a, b)

who investigated the effect of injecting tissue-cultured skin fibroblasts into the vitr
cavity of rabbits.

With the animals under general anaesthesia, their eyes were injected with the fibroblas

solution and, after a predetermined period of time, the rabbits were again anaesthetise

and the common carotid arteries exposed to permit insertion of a catheter through which
warmed, lactated Ringer's solution was passed at a perfusion pressure of 100 mm Hg.
The jugular vein was severed to allow drainage of blood and perfusant and this
continued until the retinal vessels were deemed to be free of blood.

A mixture of methylmethacrylate m o n o m e r and catalyst w a s then injected through the

same catheter and allowed to cure for at least 1 hour. The eyes were then enucleated and
immersed in water at 60 C for 12 hours prior to maceration in 15% sodium hydroxide.

The resultant vascular cast was dried and trimmed prior to sputter coating with gold
palladium to allow viewing in a scanning electron microscope. Nuclear impressions
from EC and microvilli caused by indentations were used as parameters for determining
well-filled vessels.

The vascular casts show the existence of vessels without disclosing any information as
to their functional status. In addition, many vessels which may have been collapsed in
vivo may have been filled during the plastic injection procedure.

Aharinejad (1993) combined high-resolution video microscopy with the vascular casting
technique to obtain a 3-D view of vessels.

This technique was further modified (Aharinejad et al. 1995) to incorporate light
microscopy, scanning electron microscopy and transmission electron microscopy to
investigate the developing microvasculature in the rat metaphysis during growth. Their

findings indicated that capillary growth did not necessarily require capillary sproutin
but could result from elongation of EC from existing vessels or migration of EC from
surrounding tissue. They also demonstrated that capillary sprouts could arise from the
terminal vascular loops as well as from venous vessels.
Okada and Aharinejad (1997) also adopted this technique to examine the process of

vasculogenesis in the lingual papillae of rats from gestational day 15 to postnatal day
They concluded that, in the rat tongue, capillary sprouts are formed by gradual
elongation and widening ofthe pre-existing sinusoidal capillaries.

(h) T h e rat mesentery model was used by Norrby et al. (1986) to investigate the
angiogenic effect of various substances.

This involved intraperitoneal injections of trial agents and, after various time inte
removing 4 to 6 large mesenteric "windows" which were then fixed for 1 hour in
methanol-formaldehyde-acetic acid prior to plastic embedding. The specimens were
then sectioned and stained for histological examination.

The authors found that the number of mesenteric vessels in untreated animals was least
in mice, making this the most suitable model for assaying angiogenesis.

In 1989, Williams et al. used a similar model to examine the EC specific binding ofthe
plant lectin, Dolichos biflorus agglutinin, in the omentum of mice which had been
injected intraperitoneally with irradiated tumour cells.

(i) Bovine corpus luteum formation was used as a physiological model of
angiogenesis by Augustin et al. (1995). The authors concluded that sprouting EC
invaded the growing corpus luteum and continued to grow during the first third ofthe

ovarian cycle. Thereafter, the mature corpus luteum is characterised by a dense netwo
of vessels with a gradually decreasing vessel density.
During luteolysis and for several weeks afterwards, all newly formed vessels regress.
This is accompanied by gradual foreshortening and rounding of EC and their subsequent
detachment from the basement membrane.

The corpus luteum (CL) has been used by other investigators to examine events relating
to physiologic angiogenesis. Bacharach et al. (1992) investigated the role of
plasminogen activator and plasminogen activator inhibitor type 1 (PAI-1) during

angiogenesis and found that PAI-1 functions "during angiogenesis to protect
neovascularized tissue from excessive proteolysis".

Schweiki et al. (1993) investigated the role of vascular endothelial growth factor
(VEGF), a potent EC mitogen and angiogenic agent, in CL angiogenesis and found that
expression of VEGF is hormonally regulated.

The angiogenic role of VEGF in the CL setting was further examined by a number of
researchers such as Kamat et al. (1995) who reported that. Christenson and "VEGF
mRNA and protein are expressed by human ovarian granulosa and theca cells late in
follicle development and, subsequent to ovulation, by granulosa and theca lutein
cells "Stouffer (1997) demonstrated "a novel role for the midcycle surge of
gonadotropin in primates to promote VEGF production by granulosa cells in the
periovulatory follicle. Further, the data demonstrate that FSH-like as well as LH-like
gonadotropins directly stimulate VEGF synthesis by granulosa cells". Lee et al. (1997)
suggested that "VEGF production by luteinized granulosa cells is enhanced by human
chorionic gonadotropin (HCG) independent of gonadotropin-stimulatedprogesterone
synthesis ". Yamamoto et al. (1997) found that "In the corpora lutea, VEGF was
strongly expressed in both granulosa and theca lutein cells in the early luteal phase
when the PCNA (proliferating cell nuclear antigen) positivity in the endothelium
increased". Neulen et al. (1998) suggested that vascularisation ofthe corpus luteum is
induced by HCG-mediated effects of VEGF. Ferrara et al. (1998) found that "treatment
with soluble Flt-1 receptors, which inhibit VEGF bioactivity, resulted in virtually
complete suppression ofCL angiogenesis in a rat model of hormonally induced
ovulation. This effect was associated with inhibition ofCL development and
progesterone release ".

38
Vinatier et al. (1995) regarded the rupture ofthe ovarian follicle as an inflammatory
event and investigated the role that the cytokines (polypeptides which interact in the
communication between cells) interleukin-1 and tumor necrosis factor-alpha play. They
concluded that "Cytokines are probable candidates for this function(angiogenesis), but
they also promote cellular differentiation resulting in steroid synthesis ". Arici et
(1996) investigated the role ofthe cytokine interleukin-8 (IL-8) which is a potent

neutrophil chemoattractant agent as well as a potent angiogenic factor. They found that

"IL-8 levels are elevated in periovulatory follicular fluid, and both granulosa-lutein
ovarian stromal cells express the mRNA and produce the protein ". They then suggested
that "IL-8 may play an important role in the physiology of ovulation, such as timely
follicular rupture and neovascularization ofthe corpus luteum ". Spanel-Borowski and
Ricken (1997) investigated the role of leukocytes in CL formation and regression and

found "The shift ofthe leukocyte localization from the outer thecal layer to the zone o
the basal membrane is a new finding for the preovulatory follicle. This shift might be
related to the appearance of a specific macrophage subset involved in the degradation
ofthe basal membrane, angiogenesis, and in vascular permeability".

Modlich et al. (1996) studied the mechanism of vessel regression during luteolysis in
the ovary and concluded "that detachment of endothelial cells before apoptosis as well
as contractive occlusion of blood vessels may be critical determinants of blood vessel
regression ".

Augustin et al. (1995) investigated the importance of EC surface glycoconjugates during
angiogenesis. Their studies revealed "a distinct alteration of endothelial cell
glycoconjugate expression during ovarian angiogenesis comparable with the distinct
pattern ofhyperglycosylation of cultured migrating endothelial cells ". Plendl et al.
(1996) investigated the EC phenotypes present in bovine CL of pregnancy and the CL of
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the normal oestrus cycle. They concluded that "Spontaneous angiogenic activities...
were observed in endothelial cells isolated from the CL of pregnant cows exclusively ".
They further suggested that "microvascular luteal endothelium of pregnant animals... is
able to produce quantitatively and/or qualitatively specific angiogenic factor(s) ".

Matsushima et al. (1996) studied the extracellular matrix (ECM) and vascularisation of
the developing CL ofthe rat. They found that "both luteinizing cells and luteal
mesenchymal cells are involved in the destruction and reconstruction of the follicular
ECM". Meidan and Girsh (1997) reported that "endothelial cells play an essential role
in luteal steroidogenic activity by being involved in both luteotrophic and luteolytic
processes". Pate (1996) examined the role of intercellular communication in the bovine
CL. Prostaglandins, growth factors, oxytocin and progesterone are all produced by luteal
cells and "may act as paracrine factors to modulate the response of luteal cells to
hormonal signals." Pate suggests that "bidirectional intercellular communication likely
occurs between luteal cells and resident immune cells. Immune cells produce cytokines
that can modify progesterone and prostaglandin synthesis by luteal cells. Cytokines may

also have direct cytotoxic effects on luteal cells". Grazul-Bilska et al. (1997) examined
cellular interactions in the CL and found that "steroidogenic luteal cells also interact
with the nonsteroidogenic cells: for example, they produce factors that stimulate

proliferation and migration of endothelial cells and proliferation of fibroblasts ". They
concluded that "hormones, growth factors and cytokines produced locally by
steroidogenic or nonsteroidogenic cells may be transferred from cell to cell indirectly
or directly to regulate luteal function. Gap junctions are present in luteal tissues of
several species, and gap junctional intercellular communication is affected by the stage

of luteal development and systemic and local regulators of luteal function. Such cellular
interactions probably are important in luteal hormone production, signal transduction,

angiogenesis, and luteolysis because of their role in coordinating function among the
various luteal cell types ".

Models of angiogenesis: Conclusions

In vitro techniques, while permitting the quantitative response of EC to various agent
cannot reproduce the intricate relationships between cells, growth factors, hormones,
cytokines and a myriad of other agents found in the normal physiologic milieu of a
living, three dimensional organism.

Many ofthe in vivo techniques rely on the introduction of a foreign object into a
normally avascular region (eg. corneal pocket assay) or introducing angiogenic agents
into normal tissues to elicit an angiogenic response (eg. the transparent rabbit ear
chamber model and rat mesentery model).

Others rely on the presence of "immunologically privileged" sites (eg. CAM and
hamster cheek pouch) to permit angiogenic growth in response to an introduced
stimulus.

The observation of growing vessels in the developing frog larva described by Clark
(1918) provides some information regarding events which are occurring on the
microscopic level but "the prolonged use of chloretone had caused a slowing of growth
processes ", (as noted by Clark) implies that there is a disruption to the normal
physiologic state ofthe animal being studied. Similarly, observations recorded by

Rhodin and Fujita (1989) were restricted by the length of time the rat mesentery could
be exposed without causing damage. It could be argued that the act of exposing the

mesentery is an injury in itself and thus, one may be observing an angiogenic response
affected by trauma rather than a purely physiologic angiogenic phenomenon.
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The bovine corpus luteum model proposed by Augustin et al. (1995) comes nearest to a
true in vivo model of angiogenesis, but even this has limitations in that the tissue is

collected from abattoirs where the animals are subjected to stress and their environment
cannot be regulated. In addition, some cattle are slaughtered because of infertility
problems (Hansel and Cain, 1996), thus one must question that a true physiologic
model is being represented.

While both in vivo and in vitro techniques have limitations, there have been a number of
classical steps described which include basement membrane degradation, EC activation,
migration, proliferation, tube formation and stabilisation, and vessel regression
(Ausprunk and Folkman, 1977).

The rat ovary is a site where physiologic angiogenesis occurs on a cyclical basis and, as
such, it is an ideal in vivo model (as opposed to other "in vivo" systems which rely on
the introduction of foreign bodies or trauma and the presence of "immunologically

privileged" sites). In addition, the animals are housed in a clean, stress-free environme
where their oestrous cycle can be monitored and pregnancy can be controlled.
Since this project used the rat ovary as an in vivo model, a detailed review of its
structure and function follows.

OVARIAN STRUCTURE AND FUNCTION

The ovaries are an essential component ofthe female reproductive system. Not only do
they produce gametes (oocytes- cells that develop into mature ova) but they are also
responsible for the production of many regulatory factors including the female sex
hormones progesterone, oestrogen and relaxin.

Hormonal regulation

Ovarian function is regulated by gonadotropin releasing hormone ( G n R H ) which is
secreted by the hypothalamus. GnRH stimulates the release of follicle stimulating
hormone (FSH) from the anterior lobe ofthe pituitary gland. FSH is responsible for

growth of several follicles in the ovaries and these stimulated follicles then produce
oestrogen. The increased levels of oestrogens circulating in the bloodstream promote
growth ofthe lining ofthe uterus in readiness to accept the soon-to-be expelled ovum.
GnRH also initiates the release of luteinizing hormone (LH) from the anterior lobe of
the pituitary gland. LH further stimulates development of ovarian follicles, promotes

ovulation and stimulates the production of oestrogen, progesterone, inhibin and relax
by the corpus luteum (CL).

Progesterone works with oestrogen to prepare the endometrium for implantation of a
fertilised ovum and the mammary glands for milk production. Progesterone also
prevents the development of new ovarian follicles and inhibits ovulation. Inhibin is
secreted by the CL and inhibits FSH as well as decreasing secretion of LH towards the
end ofthe menstrual cycle. Relaxin is produced by the CL and the placenta during

pregnancy and its function is to relax the symphysis pubis and help dilate the cervix,
thus facilitating parturition.

Ovarian structure

The ovaries are paired, almond-shaped organs situated on each side ofthe pelvic cavit

The outermost surface ofthe ovary is covered by a layer of simple cuboidal epithelium.
Beneath this lies a capsule of connective tissue called the tunica albuginea (due to
white colour). The central region comprises two connective tissue components:

Figure 2.5
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Figure 2.5. A diagram illustrating a Graafian follicle and its thecal layers.

(1) an inner loose layer (the medulla) which contains the blood, lymphatic and nerve
supply; and
(2) an outer dense layer (the cortex) which contains the developing ovarian follicles.

The ovarian follicles range from small, primary follicles, in which the oocyte is

surrounded by only one or two layers of follicular (granulosa) and stromal (thecal) cell
to much larger, fluid-filled secondary follicles.

As the follicle develops, the oocyte is surrounded by a gelatinous substance called the
zona pellucida and this is surrounded by several layers of granulosa cells. These
granulosa cells are separated from the surrounding thecal cells by a basement
membrane. They do not have a direct blood supply, thus they receive their nutrients via
diffusion from the vessels within the theca.

In the secondary follicle, under the influence of FSH, the thecal cells have increased i
number and differentiated into an inner (interna) and outer (externa) layer. The theca
externa is composed of smooth muscle cells and collagen fibres while the theca interna
contains capillaries and steroidogenic cells. Fluid-filled spaces develop within the

follicle and they eventually coalesce to form a single cavity (antrum) and the follicle

now referred to as a Graafian follicle (Figure 2.5). At this stage, the follicle has pe

in maturity and is ready for ovulation to occur (ie. rupture ofthe follicle with expuls
ofthe oocyte).

Following ovulation, the remnants ofthe Graafian follicle undergo changes to become a
hormone-producing corpus luteum (so-called "yellow body" due to its colour). There is
disruption ofthe basement membrane surrounding the granulosa cells and the cells of
the theca interna become indistinguishable from the granulosa cells (Long, 1973) as

both cell types undergo luteinization (ie. a structural and functional transition to form

steroid-secreting luteal cells). In addition, there is a massive increase in vascularity o
the corpus luteum due to invasion by EC derived from the vasculature ofthe theca
interna (Meyer and Bruce, 1980).

The major product ofthe corpus luteum (CL) is the steroid hormone, progesterone,
which helps prepare the endometrium to receive a fertilised ovum. Should fertilisation

not occur, the corpus luteum degenerates and turns into a fibrous tissue scar (the corpus

albicans or "white body"). This degenerative process is referred to as follicular atresia.

In humans, the normal menstrual cycle lasts 28 days and the CL formed following
ovulation (which occurs at day 14) persists for 10-14 days. During pregnancy the CL
remains functional for up to 12 weeks and progesterone is then produced by the placenta
(Tortora,1991b). However, it is difficult to obtain human tissue for study (medico-legal
and availability of tissues) and the long cycle time and gestation time preclude humans
as a suitable experimental model.

Fortunately, the laboratory rat is a non-seasonal, spontaneously ovulating, polyoestrous
mammal (ie. the ovarian cycle continues throughout the year) with each cycle lasting 4-5
days (Blandau et al. 1941) and a gestation period of 20-22 days (Junqueira et al. 1986).
This makes it suitable as a model and the use of pregnant rats ensures that the ovary
contains developing CL, whereas it is more difficult to ascertain if ovulation has
occurred in a rat with a normal oestrous cycle and, hence, that developing, functional
CL are present, hi addition, use of pregnant rats avoids the rapid CL regression
observed in rats with normal oestrous cycles.
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AIMS

The aim of this project is to provide further insights into the events involved in
angiogenesis, using the developing corpus luteum (CL) in pregnant albino Wistar rats as
an in vivo model.
The ovary houses follicles ranging from primordial to atretic states as well as a
connective tissue component (theca interna and externa) which is the source of new
blood vessels. The CL develops from the mature ovarian follicle following ovulation
and the granulosa cell population is vascularised within 2 days by new vessels
originating from the capillary wreath (of the theca interna) which surrounds the mature
follicle (Meyer and Bruce, 1980). These newly formed capillaries of the CL lack a
smooth muscle layer (Osvaldo-Decima,1970; Koering and Thor, 1978; Wiltbank et al,
1990).

The CL is a transient tissue in adults which ultimately provides active synthesis and
secretion of steroid hormones (see literature review: pages 42-44). The CL develops
from the avascular Graafian follicle following ovulation. For the CL to function as an
effective endocrine organ its development must include:
1. Differentiation and growth of the luteal cell (the parenchyma responsible for
secreting steroids);
2. Development of a vasculature; and
3. Intimate association of the luteal cell with the endothelium for effective transcapillary transport of materials necessary for steroidogenesis, and the secretion of the
steroid into the blood capillary.

Many of the previous investigations on angiogenesis have mainly used a variety of in
vitro and in vivo models (see literature review: pages 24-40). Very few reports have
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described the ultrastructural mechanism of capillary formation and maturation,

particularly in an adult tissue but, also, particularly in relation to the functioning of
surrounding parenchymal cells (functional cells) of an organ.

A preliminary study (Experiment 1) using the electron microscope has identified EC
within developing luteal tissue distanced from existing capillaries. It is hypothesised

these EC migrate to line a central antral space (which is destined to develop into a majo

venous drainage vessel) and then initiate the formation of a network of capillary sprout
which develop further with EC proliferation.

Using various immunological techniques, the aims of Experiment 2 are to:

(a) identify the location of EC and correlate their location with the presence/absence o
vessels and the boundary epithelial cells ofthe antrum;
(b) correlate in vivo luteal EC migration and new vessel sprout formation with EC
proliferation during luteal angiogenesis; and
(c) clarify the temporal appearance and role of pericytes during the angiogenic process
occurring in the developing CL of pregnancy.

The phenomenon of apoptosis (programmed cell death) is investigated in Experiment 3
where CL of days 2, 10, 16, 20 and 22 of pregnancy are examined using
immunohistochemical techniques.
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MATERIALS AND METHODS
Animals and Tissue Collection

Experiment 1: Electronmicroscopic study
Forty two pregnant, albino Wistar rats with a mean mass of 284 ± 24 g at mating were
used. They were kept in an environmentally controlled room with a temperature range of
18-22°C and relative humidity range of 55-70%.

The rats were mated overnight and checked the following morning for the presence of
spermatozoa in a vaginal smear. If the smear proved positive, this was called day 1 of
gestation.

Both ovaries from rats were collected at approximately 12 hour intervals from 10 am on
day 1 through to day 3 (ie. at 10 am and 10 pm on each of day 1, 2 and 3). For the
morphometry study, both ovaries from rats were collected at approximately 24 hour
intervals from 10 am on days 1, 3, 10,16 and 22 of pregnancy.

Prior to tissue collection the rats were anaesthetised with an intraperitoneal injectio
sodium pentobarbitone (40 mg/kg body mass) and the ovaries were removed after
perfusion fixation.

Perfusion Fixation
A perfusion apparatus was constructed to mimic the rat's blood pressure and cardiac
output in order to prevent tissue distortion during fixation, thus fixing the blood
circulatory system in as close to physiological conditions as possible.
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After anaesthesia, the thoracic cavity was opened and the heart exposed. A n incision
was made into the left ventricle and the catheter was then quickly inserted via this

incision into the ascending aorta, while the right ventricle was incised to allow blo
and perfusates to escape.

Physiological saline (0.9%) was then flushed through the system for approximately 20
seconds, followed by the fixing agent (2.5% paraformaldehyde/2% glutaraldehyde in
0.08 M phosphate buffer). Successful perfusion to the organs of the abdominal cavity
was deemed to have occurred when the liver was cleared of blood and rigidity was
evident. The procedure took approximately 10-15 minutes and used 30 ml of saline and
500-750 ml of fixative.

Tissue Processing
All tissues were kept in fixative to prevent dehydration, and within 30 minutes after
collection, the CLs were freed from ovarian stroma with the aid of a dissecting
microscope (Olympus SZ HI). The CL were rolled along a plastic tray to remove fluids
and then weighed to the nearest 0.01 mg. Total CL weight per ovary was calculated as
the sum of individual CL weights. One or two CLs were then selected at random from
each ovary and diced into 0.5 mm cubes. The cubes were then washed in 0.08M
phosphate buffer for 4 washes over 10 minutes before being immersed in vials
containing a 5 ml solution of 2% osmium tetroxide in 0.08M phosphate buffer and then

placed in an agitator (to ensure thorough perfusion of the tissues) where they remain
overnight.
The next day the tissue had 4 washes in 0.08M phosphate buffer over 10 minutes and
was then dehydrated in ascending concentrations of ethanols (70%, 80%, 90%, 100%)
over 10 minutes and then left in vials containing 100% ethanol overnight.
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The next morning the tissue had 2 washes in acetone and was then placed in vials

containing acetone/Epon-Araldite (1:1) and the vials were sealed before being placed in
an agitator where they remained overnight.

The following morning, the lids were removed to allow any acetone to evaporate. The
specimens were placed into labelled moulds which were then filled with Epon-Araldite

and vacuum embedded for 30 minutes (to facilitate infiltration of resin into the tissue
before being placed in a 60° C oven to cure overnight. During all procedures tissues
were continuously agitated to ensure even infiltration of solutions into the tissue.
The resin blocks were trimmed down in size to leave the tissue surrounded by only a
thin investment of resin by using a razor blade under a dissecting microscope. Semithin
sections (0.5p.m thick) were then cut using a dry glass knife on an LKB Nova ultratome.
Tissue sections were floated onto a drop of double-distilled water placed on a clean
glass slide.

The slides were then left to dry on a hotplate (Fisher Slide Warmer, Fisher Scientific
Company, U.S.A.) at 60° C and stained with toluidine blue in 1% borax. These slides
were then coverslipped using DPX mounting medium (BDH Laboratory Supplies,
England) and examined under a microscope to select suitable areas ofthe block for EM
investigation.

Following further trimming of the block, ultrathin sections (of a pale silver interfere
colour) were cut using a Diatome diamond knife (Leica, Perth, Australia) on the LKB

Nova ultratome. These sections were floated on a double-distilled water bath and picked
up on clean, uncoated 200-mesh copper grids (Maxtaform HF33Cu, Taab Laboratories,
England) and then placed on a warm hotplate to dry.
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A Lynx tissue processor was used to carry out the staining of the ultrathin sections. All
solutions used were double-filtered. The grids were placed into clean grid baskets
(these had been cleaned by briefly washing them in acetone and then allowed to dry) and
then dipped into double-distilled water before being immersed in a 2% uranyl acetate
solution for 7 minutes. This was followed by 2 washes in a 1:1 solution of doubledistilled water: absolute ethanol for 10 minutes each before immersing in a 2% lead
citrate solution for 7 minutes. Following this, the grids were subjected to 4 rinses in

double-distilled water for 15 minutes each and then left to dry in the grid baskets. Onc
dry, the grids were stored in a grid box until required for EM examination.

Specimens were examined using a Philips EM 410 electron microscope and
photographed using Kodak Technical pan 2415 film, developed with Kodak HC 100
developer and fixative. The negatives were processed using a Durst Laborator 1200
enlarger and Ilford Multigrade IV photographic paper through an Ilford 2150 RC
automatic processor.

Morphometry of luteal cells and endothelial cells during CL formation
"Morphometry" or ""stereology" allows quantitative data such as number, volume,
surface area and thickness of histological structures to be assessed from twodimensional light and electron microscope sections- or images.
One aim of this thesis was to quantitate the morphologic aspects of the angiogenic

process concomitant with the differentiation of the steroid-secreting luteal cells. Henc
at different stages of CL development/maturity the following morphologic parameters
were measured using standard stereological principles;
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At the light microscope level:

(a) the percentage and the absolute volumes of the CL occupied by luteal cells, EC,
capillary space, and perivascular space;
(b) number of luteal cells and EC per CL; and
(c) volume ofthe EC.
At the electron microscope level:
(d) surface area ofthe capillary (endothelium) and luteal cell membranes; and
(e) arithmetic and harmonic mean barrier thickness.

Morphometry of luteal tissue at the LM level

The methods used here to quantitate the parameters listed above (at the LM level) h
been previously described in detail (Meyer and Bruce, 1979a) and were based on the

stereological principals originally described by Weibel and Gomez (1962), and furth
outlined in reviews by Elias et al. (1971), Weibel and Bolender (1973), and Weibel
(1979a and 1979b).

Sampling procedure at LM level

One CL was examined per ovary from each of 5 rats (per day) on days 1, 3, 6, 10, 16
and 22 of pregnancy. Thus a total of 10 CL were examined on each day. One section
taken through the maximal diameter was examined for each CL. Morphological
parameters were derived from the relevant structures within eight "fields" of a
"multipurpose test system" (M42; Weibel, 1979a, page 376) superimposed on each
section as follows:
4 near the periphery ofthe section;
2 midway between the centre and the periphery; and
2 from near the centre ofthe section.
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The composition and absolute volumes of luteal tissue and luteal cell compartments
To calculate the absolute volume of each of the CL occupied by luteal cells, EC,

capillary space, and interstitial space, the fraction ofthe tissue occupied by each of t
components was multiplied by the total volume of the tissue (determined by dividing
mass by density {assumed to be 1.1}). The fraction of the tissue occupied by each
component of the tissue is called "volume density" of the component. This may be
determined by a method based on the Delesse principle which states that the fraction of
the total volume that a component occupies can be directly estimated from the relative
areas ofthe outline of profiles of that component on random sections. The formula used
to express this relationship as outlined by Weibel and Gomez (1962) is:
AAi = Vvi
where A is the area of the section being examined, and Ai is the area of the section

occupied by profiles of a structure i. Thus AAi is the area fraction ofthe section occup

by the structure i. Similarly V is the unit volume of tissue or cell, and vi is the volu
the structure i within the unit volume.
A number of methods are available for estimating the relative areas of profiles visible
a section. This study employed a point-counting technique described by Weibel (1963).
A short-line "multipurpose" test system was projected onto a section by inserting a
graticule into the ocular eyepiece of the LM. This allowed direct measurement on the

tissue section. The ratio of the number of points (each line segment has 2 points, one a
each end) lying on the component i (PP0 and the total number of points (PT) within the
lattice is the area fraction of i.
Aai = Pi/PT = Vvi
When points fall between 2 structures, both these structures are given one half point.
Thus, the volume occupied by luteal cells expressed as percentage of luteal tissue was
derived from the number of points on both nucleus and cytoplasm ofthe luteal cells.
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Estimation of axial ratios of luteal and endothelial cells
The B-coefficients were assessed for the EC nuclei by measuring axial ratios of 5 EC
nuclei in one CL from each ovary examined. The axial ratios were determined by
measuring the minimum and maximum diameters of the nuclei. The nuclei were
assumed to be oblate spheroids and appropriate coefficients were determined from the
graph provided by Weibel (1979a, Figure 2.30). The luteal cell nuclei always had a Bcoefficient of 1.382 which is applicable for spherical structures. EC nuclei did vary
shape depending on the day of gestation, and appropriate B-coefficients were used to
determine the numerical density ofthe EC nuclei.

Quantitation of endothelial cell volume
To determine EC volume, the total volume of the EC component within the CL was
divided by the number of EC nuclei since EC have a single nucleus.

Quantitation of membrane surface area

Surface density (SVi) is the total surface area (S) of a component "i" included in the
test volume Vj;
SVi=Si/VT

The surface of structures appear on the viewed sections as contours of their transecti
The length of these contours on the unit test area of section is proportional to the

density (Svi). If a test-line of fixed length L is randomly placed on the tissue, the nu

of intersections between the test-line and surface of the structures will be Ni, whic
proportional to Svi, and Lp.
Svi = 2NLi/LT
since

LT

-

PT-Z/2

SVi=4NLi/Z.PT
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The surface density of the capillary membrane was determined by this method for the
LM study.

Morphometry of luteal cells and endothelial cells at the electron microscope level
The methods used in this thesis for morphometric analysis of some structural features of
the luteal cell and EC at the EM level have been previously described by Weibel (1979a
and 1979b) and also previously used in this laboratory (Dharmarajan et al, 1985) but
summarised below. The measurements were carried out using an automated image
analyser (MOP HI, Carl Zeiss In., Oberkochen, West Germany) and the parameters
examined included surface area of various portions of the luteal and EC membrane,
arithmetic mean barrier thickness and harmonic mean barrier thickness.

Measurement of surface density using the boundary length

Surface density (Svi) is the total surface area (S) of a component "i" included in the te
volume VT;
SVi = Si/VT

If such a tissue is sectioned with a plane, the surface ofthe objects appear on the secti

as the boundaries of their profiles, whose length B(a) can be related to the section area
through the tissue, A(c), to express the boundary density
BAa = B(a)/ A(c)

Furthermore, if test-lines are placed either on the section or directly into the tissue t

will intersect, then the number of intersection points 1(a) can, in turn, be related to t
test-line length in the tissue L(c) to form the intersection density
ILa = I(a)/L(c)

It is plausible that these parameters are proportional to each other. It has been shown b
Weibel (1979a and 1979b) that:
Sv = 4/7i. BA = 2JX
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In this study the surface area ofthe luteal cell membranes and capillary membranes were
measured using the formula described above. The boundary length was measured using
an automated image analyser as described previously.

Measurement of barrier thickness

A "barrier" is a layer of tissue separating two spaces and, for this study, the barrier

thickness of the EC cytoplasm and the thickness of the space separating the luteal cell
membrane and the capillary outer membrane were determined. The main characteristics
of a barrier are that it is thin compared to its extension in the other two dimensions
essentially, it should separate the two spaces completely.
Two measures of barrier thickness are relevant and can be determined by stereological
methods:

(1) the arithmetic mean barrier thickness (T) which estimates the tissue mass comprisi
the barrier; and
(2) the harmonic mean thickness (Th) which is a measure for the diffusion distance of
the barrier.
Arithmetic mean thickness
Weibel and Knight (1964) stated that, stereologically, a barrier separating two

physiologic compartments within a given space can be defined in terms of (i) its relati
volume within that space and (ii) in terms of the surface area of the two faces of the
barrier. Both these parameters can be measured from a series of micrographs by

point/intersecting counts of the barrier profiles. The arithmetic mean thickness (T) of
barrier is directly related to its volume and mean surface area by the relationship:
T = (IT/2) . (PB/IB)

where T = volume of barrier/mean surface area and IT = test-line length associated with

each test point and this is dependent on the type of grid used. For a square lattice it
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and for a multipurpose grid system it is d/2. P B = test points falling on the barrier
profiles and IB = number of test-lines with reference boundary of profile.

If both sides of the barrier are of similar shape, then the mean barrier surface area may
be approximated by the surface area of one side of the barrier. If the two sides of the

barrier are of significantly different surface density, it is necessary to use an averag
index of barrier surface in the estimation of T. Weibel (1979a) suggests simple
summation of the surface densities of the two sides by dividing by two so that, in the
equation for T estimation, the averaged barrier surface area is estimated by:
Average surface area index = la + Iv/2 where Ia/v are the number of intersections with
a/v sides ofthe barrier.
Thus, for situations where the surface densities of the a/v sides of the barrier are

significantly different, the formula for the estimation of the arithmetic mean thickness
would be:
T = (IT/2) x (PB x 2)/(Ia + Iv)
= IT . PB/Ia + Iv

Harmonic mean thickness
Harmonic mean thickness (Th) is determined by estimating the harmonic mean length of
test-lines placed randomly over the appropriate profile. As the specimens were
considered to be randomly oriented, a sample of lengths of test-lines ofthe systems used
above represented a sample of random intercept lengths. The harmonic mean length of
this sample, Lh, is related to the harmonic mean thickness of the profile by the
relationship:
Th= (2/3). Lh (Weibel and Knight, 1964)
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R a n d o m intercept length counts
To collect a sample of random intercepts for thickness calculations, the automated
image analyser MOP IU was programmed to design 40 classes. A test grid (A 100;
Weibel 1979a, page 356) was placed randomly over the appropriate diffusion path. The
intercepts in both directions were measured so as to compensate partly for the high

degree of local anisotropy which is always present in such barriers. The intercepts w

entered the barrier at one surface and left it at the other surface are considered to
"true" intercepts and were measured. The false intercepts were the ones that entered

one surface and left again at the same surface and such intercepts were not measured.
The mid-point lengths (L) of the classes were calculated as described by Weibel
(1979a). The harmonic mean length Lh was calculated as follows:
1/Lh = (Ni x 1/Li)/ S (Ni)

where Ni = number of intercepts in class i, Li = mid-point length of class i, and S(N
total number of intercepts.

SAMPLING PROCEDURE FOR EM
Morphometric analysis of transport structures
Thin sections were cut through the region of maximum diameter of each ofthe 2 CL per

ovary (5 rats per day of pregnancy) and placed on grids, then stained (see page XX).T

study was carried out at two levels of magnification which were accurately assessed b
means of a carbon grating replica:
Eight low power (x6,200) micrographs were taken from each grid for determining
volume compositions of the CL, surface area of cell membranes and arithmetic mean
thickness between cell membranes.
Eight high power (x25,000) micrographs were taken of each of the three different
membrane interfaces to determine the area of cell membranes including the surface
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specialisations and the harmonic m e a n thickness between membranes. Thus a total of 8
low power and 24 high power micrographs were examined for each CL.

L o w power micrographs

The boundary lengths of different parts of the luteal cell and capillary were recorded
as to determine surface area relationships and arithmetic mean thicknesses. The
following calculations were used in the derivation of results:
(a) fractional and absolute volumes were obtained by addition and subtraction of the

appropriate areas listed in Table I. Eg. fractional volume occupied by EC cytoplasm an
nuclei (ECV) = (a-b)/A and absolute volume = ((a-b)/A) x volume ofthe CL.

(b) surface areas, excluding specialisations, were calculated using the formula describ
by Weibel (1979a) and the appropriate boundary length, shrinkage factor and
magnification. Eg. the surface area of adjacent luteal cell membranes separated by
interstitial space (mm /mm ) = (4/7c) x (LIL/A). The total surface area per CL was

calculated by multiplying this value by CL volume. The fraction (%) of the total luteal
cell membrane composed of each of the three interfaces was determined by simple
division ofthe appropriate boundaries.
(c) arithmetic mean thicknesses (corrected for shrinkage) were calculated as follows:
1) luteal cell to outside ofthe capillary wall = gx2/ (LOC+p- (r+t))
2) luteal cell to inside ofthe capillary wall = (g+a-b)x 2/ (LIC+q- (s+u))
3) capillary wall, region ofthe EC nucleus = cx2/ (r+s)
4) capillary wall, region covered by Pc = dx2/ (t+u)
5) capillary wall, of cytoplasm alone = ECVx2/ (p- (r+t)+q- (s+u))

(d) the capillary wall was divided into three components; that occupied by the cytopla

alone, that occupied by endothelial cytoplasm and covered by a Pc, and that occupied by
cytoplasm but including the EC nucleus. The percentage of the capillary wall
circumference occupied by each component was estimated by dividing the absolute
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volume of each component (xlOO) by the product of its arithmetic mean thickness and
the total volume ofthe three components.

Table I. List of measurements taken for the E M analyses of transport structures.
Area measurements, low magnification (mm2) Code
Total area of micrograph A
Vessel space outer, bounded by outer cell membrane of endothelium a
Vessel space inner, bounded by inner cell membrane of endothelium b
Vessel wall nuclear region, including nucleus and adjacent cytoplasm c
Vessel wall, Pc region, including that part of EC covered by Pc d
EC nucleus e

Boundary lengths (mm)
Capillary external, low magnification
total length p
nuclear region r
Pc region t
Capillary internal, low magnification
total length q
nuclear region s
Pc region u

Figure 4.1

Figure 1. A Day 3 C L demonstrating a luteal cell (LC) and a capillary with a pericyte
(Pc) surrounding an endothelial cell (EC). The capillary lumen (L) is free of any

contents. The line "a" indicates the luteal cell to capillary outer membrane (LOC) bo

while the line indicated by "A" depicts the luteal cell to capillary inner membrane (
parameter.

62
Endothelial cell low and high magnification (See Figure 4.1)
Luteal cell membrane adjacent to the capillary inner membrane LIC
Luteal cell membrane adjacent to the capillary outer membrane LOC

High power micrographs
Harmonic mean thickness is a measure of the physiological diffusion distance between

two structures (Weibel and Knight, 1964). It was determined by estimating the harmonic
mean length of test-lines randomly placed over the appropriate diffusion path and
multiplying by 2/3 (A 100; Weibel, 1979a, page 356).
In this study, the harmonic mean thickness was measured on eight randomly selected
interfaces of a luteal cell and the adjacent endothelial cell (see Figure 4.1).

ERRORS OF MEASUREMENT IN STEREOLOGY

The stereological procedures just described introduce the following errors which need
be accounted for (see reviews of Elias et al., 1971, Weibel and Bolender, 1973, and
Weibel, 1979a and 1979b).
(1) Section thickness

The error introduced by section thickness is of major concern in all stereological st
and depends on the shape of the structures under consideration as well as their
dimension relative to section thickness. The section must be infinitely thin compared
the size of the quantitated component/s to reduce the error introduced by the "Holmes

effect". The Holmes effect states that the projection of deeper structures onto the pl
of focus will lead to an overestimation of the volumetric proportions of prominent

structures, and an underestimation of less conspicuous structures (Weibel, 1963). For a

class of biological structures, the Holmes effect is usually only appreciable when the

average diameter ofthe individual components is less than ten times the thickness oft

section, and so, the error introduced by section thickness in this study was negligibl
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(2) Tissue shrinkage
Tissue shrinkage occurs during processing for microscopy. The CL volume used for the
above equations related to that of tissue embedded in Epon-Araldite and is
approximately 82% ofthe true CL volume in the fresh state (Meyer and Bruce, 1979a).
However, shrinkage was taken into account so that the results refer to the true volume
and not the shrunken volume. Luteal cell volume was calculated by dividing weight of
the tissue by the appropriate density. All values were adjusted back to this volume by
applying appropriate linear shrinkage factors and assuming shrinkage to be isotropic.
The factor for LM (0.935) was determined by dividing the length of a section of tissue
measured after processing, cutting and mounting, by that measured before processing
(Meyer and Bruce, 1979a). A shrinkage factor is not required for the calculation ofthe
number of structures per CL or of volume density. Surface area will require a shrinkage
factor depending on whether cell membranes shrink in a linear fashion or whether they
"wrinkle". If the structure wrinkles without loss of linear dimension, the estimate in
shrunken state will equal that of the true (fresh) state. In this study all the values
corrected for shrinkage using the factor .935.

A similar attempt was made by Meyer and Bruce (1984) to determine a specific
shrinkage factor for EM by multiplying the above factor by the distance between two
structures observed on an electron micrograph and then dividing by the equivalent
distance measured from an adjacent LM section. The results of this were varied and may

be due to localised shrinking and stretching of thin sections placed on copper mesh gri
and exposed to electron beams. For the purpose of this study, the LM factor of .935 was
also used. Again, no correction was required for volume fractions or percentage
compositions. The numerical density included an estimate of area examined and this
area was corrected by dividing it by the square of the shrinkage factor to correspond
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with the area that would have been covered had shrinkage not occurred. Surface area
included an estimate ofthe area examined and this was also corrected for shrinkage.

Experiment 2: Immunohistochemistry study
Twenty four pregnant, albino Wistar rats were perfused (as per EM study) and both
ovaries from rats were collected at approximately 12 hour intervals from 10 am on day 1
through to day 3 (ie. at 10 am and 10 pm on each of day 1, 2 and 3). A further twenty
rats were perfused at 10 am on days 2, 10, 16, 20 and 22 of pregnancy. However, the
rats were perfused using 10% formalin with 0.8 M phosphate buffer. This was due to
requirements specified by the laboratories providing the specific antibody kits.

While immersed in fixative, fatty tissue was removed from each ovary prior to the tissu

being placed into labelled plastic cassettes (Tissue-Tek base molds, Miles fric, Elkhar
USA) prior to processing in an automated tissue processor (Citadel 1000, Shandon
Southern Products Ltd, Cheshire, England). The whole process took 14 hours during
which the tissues underwent dehydration over 8 hours using ascending concentrations of
ethanols (70%, 90%, 100%, 100%) and then left in absolute ethanol for a further 2
hours. They were then cleared in 2 changes of slidebrite (a "clearing" agent used to
remove ethanol from the tissues, thus allowing tissue impregnation by paraffin) for 1
hour each before two immersions in paraffin wax (1 hour each) at 60°C

The next morning, the tissues were embedded in fresh wax and the tissue blocks
allowed to set on a cold plate (Shandon Histocentre 2, Shandon Southern Products Ltd,
Cheshire, England). Once the blocks had hardened, they were removed from the plastic
cassettes and stored in a refrigerator at 8 to 10°C until ready for sectioning.
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The paraffin embedded ovaries were serially sectioned at 5 u m thickness using an 820
Spencer microtome (American optical corporation) and the sections were floated on a
water bath (Ratek Instruments) at a temperature of 42° C

The sections were then collected on glass slides which had been Poly-L-Lysine subbed
and a set of 5 sequential series were obtained as follows:
Series 1, sections 1,6, 11, 16;
Series 2, sections 2, 7, 12, 17;
Series 3, sections 3, 8, 13, 18;
Series 4, sections 4, 9, 14, 19;
Series 5, sections 5, 10, 15, 20.

Each section number relates to the order in which the section was cut from the paraffin
tissue block.

These series were used for the following analyses:
Series 1 Haematoxylin and Eosin stain (H&E)
Series 2 Proliferating Cell Nuclear Antigen (PCNA)
Series 3 Factor VJJJ (for endothelial cells)
Series 4 Smooth Muscle a-Actin (SMA)
Series 5 Spare series if needed
This protocol was adopted so that each slide contained tissue sections that were only
5p,m apart from similar sections on the consecutive slide, thus the greatest possible
distance between any sections being compared would be only 20 urn. This facilitated
comparisons between the tissue sections when investigated by the various
immunohistochemical techniques.
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Histologic identification
Series 1 (H&E)
H&E staining was performed to facilitate microscopic examination ofthe various tissue
sections in order to select sections which were relevant to the aims of this research.

The slides are dewaxed by immersion in 2 toluene baths for 2 minutes each and then
hydrated by dipping the slides 10 times each in 3 staining pots, containing 100%
ethanol, 100% ethanol and 70 % ethanol.
The slides were then rinsed in running tap water before staining the nucleus using a
solution of haematoxylin for 1.5 minutes. The slides are then rinsed under running tap

water before being quickly dipped into acid ethanol and then rinsed in running tap wate
before being dipped 10 times in a solution of alkaline ethanol.

This was followed by dehydration in 70% ethanol prior to staining the cytoplasm by
immersion in a solution of eosin for 45 seconds. The slides are then dehydrated by
dipping 10 times in 3 consecutive baths of 100% ethanol.
They were then dipped 10 times in 3 consecutive pots containing toluene. Prior to
viewing, the slides were coverslipped using DPX mounting medium (BDH Laboratory
Supplies, England).

Immunohistochemistry
Series 2 (PCNA)
PCNA functions as a co-factor for DNA polymerase delta and is synthesised in the late
Gl and S phases ofthe cell cycle (ie. the cell proliferative state). Therefore, nuclear
labelling by PCNA indicates that a cell is in a dividing state.
The immunohistochemical labelling for PCNA was performed using a kit produced by
Novocastra Laboratories Ltd., UK and the methodology was as follows.

67
Specimens were dewaxed by immersion in 2 toluene pots for 5 minutes. They were
then rehydrated by 3 minute soakings in descending concentrations of ethanols (100%
ethanol twice, 90% ethanol and 80% ethanol) followed by a distilled water rinse.
For the remainder of the experiment the slides were incubated at room temperature in a
humidifier.

Endogenous peroxidase activity was quenched by covering each section with 100
microlitres of a 3% solution of hydrogen peroxide dispensed using a micropipette with a
disposable plastic tip. The sections were left covered for 30 minutes, after which time
they were washed with Tris Buffered Saline (TBS).
The sections were then covered with 100 microlitres of PCNA (1:2 in sterile distilled
water) and incubated for 60 minutes.
This was followed by a TBS wash prior to application of 100 microlitres of the Link
(BioGenex ready-to-use biotinylated anti-immunoglobulin in Phosphate Buffered Saline
{PBS} with carrier protein and 0.1% sodium azide) and left for 30 minutes. After
washing with TBS the sections were covered with 100 microlitres of the Label
(BioGenex ready-to-use horseradish peroxidase-conjugated streptavidin in PBS with
carrier protein and 0.01% thimersol) and incubated for 30 minutes.
Again, the slides are washed with TBS in a fume hood and (with the use of gloves)
covered with 100 microlitres of the chromogen Diaminobenzidine (DAB, Sigma
Chemical Co, St Louis, MO) and incubated for 10 minutes.

The slides were then rinsed with distilled water before staining with haematoxylin, an
coverslipping to allow microscopic evaluation.
A section of gut from the same rat was used as a positive control to ensure that the
immunoreagent was performing correctly. TBS was used to replace the PCNA in the
negative control.
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Series 3 (Factor VIJJ)
Factor VIH consists of at least three components: Factor VHI procoagulant activity,
Factor VEI-related antigen, and the von Willebrand factor. The positive staining of
antibody to identify EC specifically is seen in the EC cytoplasm.
The slides were dewaxed (as per PCNA) and the sections were subjected to digestion

using 100 microlitres of pepsin for 15 minutes. They were then rinsed with TBS prior
to a 30 minute incubation with 100 microlitres of 3% hydrogen peroxide.

The slides were then rinsed with TBS prior to applying 100 microlitres of Factor VDJ
(DAKO Corporation, Carpinteria, CA) and incubated for 60 minutes.
The slides were rinsed with TBS prior to applying Link, Label and chromogen for 30
minutes each.

This was followed by a rinse with distilled water prior to staining with haematoxyli
and coverslipping.
A section of lung from the rat was used as a positive control while TBS was used
instead of Factor VDI for the negative control.

Series 4 (SMA)

SMA is present in all smooth muscle cells, myoepithelial cells, a small proportion o
stromal cells in several organs and pericytes. SMA is localised only in the

microfilamentous bundles of these cells, thus staining is confined to the cell cytop

Slides were dewaxed (as per PCNA) and then covered by 100 microlitres of 3%
hydrogen peroxide and incubated for 30 minutes.

They were then rinsed using TBS before applying 100 microlitres of SMA (DAKO
Corporation) diluted 1:50 in PBS + 1% Bovine Serum Albumin + 0.1 % NaN3, to each
section and incubated for 30 minutes.
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Sections were again rinsed with T B S before applying Link, Label and chromogen, as
per PCNA, prior to staining in haematoxylin and coverslipping.
A section of skeletal muscle from the rat was used as a positive control while the
negative control had SMA substituted by TBS.

Series 5 (Lectin)
Due to failure to detect EC using Factor V1JJ due to a problem with the primary
antibody supplied by DAKO, this reserve series was utilised for the detection of EC

using a biotinylated lectin from Bandeiraea simplicifolia (Sigma Chemical Co, St Louis
MO). Lectins are proteins which exhibit selective, reversible binding to terminal
saccharides. The lectin used in this study binds selectively to the sugars a-methyl-Dgalactopyranosyl and N-acetylgalactosamine and its reactivity is detected on the cell

surface membrane of EC (Laitinen, 1987). Augustin et al. (1995) reported that the lecti
Bandeiraea simplicifolia (BS-1) is a more sensitive marker of angiogenic EC
since "BS-1 histochemistry identified more blood vessels in the corpus rubrum and in
the CL than vWFhistochemistry".
Slides were dewaxed (as per PCNA) and then covered with lOOmicrolitres of 3%
hydrogen peroxide and left for 30 minutes.

After rinsing with TBS, sections were covered with 100 microlitres of lectin (at a
concentration of 40 microgram/millilitre in 1% Bovine Serum Albumin in PBS) and
incubated for 60 minutes at room temperature.

Slides were again rinsed with TBS before applying Label and chromogen, as per PCNA,
prior to staining in haematoxylin and coverslipping.

A section of lung taken from the rat was used as a positive control while the Lectin wa
substituted by TBS in the negative control.
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Sections were examined and photographed using a Orthoplan microscope and camera
(Leitz Wetzlar, Germany) with Kodak Ektacolor Pro 160 film, developed and mounted
by Churchill Laboratories, Subiaco, Perth, Western Australia.

Double-labelling immunohistochemistry

To more clearly define the angiogenic events (ie. when are cells proliferating, whic

cells are involved and what is the order of cellular invasion), it was decided to pe
an extended series of double-labelling immunohistochemistry experiments as follows:
(1) PCNA and Lectin
(2) PCNA and SMA
(3) Lectin and SMA

The following experimental protocols were used for the above :
PCNA and Lectin

The tissue sections were deparaffmised and labelled as for Series 2. Following expos

to DAB, the tissue sections were then rinsed in TBS before the EC were localised wit
Lectin as per Lectin protocol for Series 5. The difference being that 3-Amino-9ethylcarbazole (AEC) was used as the chromogen (DAKO Corporation, Carpinteria, Ca)

for 30 minutes to identify the EC This yielded a red reaction product and, due to AE

solubility in organic compounds, an aqueous-based mounting medium (Kaiser's glycerol
jelly) was used.

A section of rat gut was used as a positive control for the PCNA while rat lung was
as the positive control for the Lectin. Negative controls involved the substitution
primary antibody by TBS.
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P C N A and S M A
The tissue sections were prepared for PCNA as in Series 2 and then prepared for SMA
as in Series 4 with the exception that alkaline phosphatase (Streptavidin, DAKO
Corporation, Carpinteria, Ca) was used as the link for 30 minutes. This was followed
the use of 5-Bromo-4-Chloro-3-Indoxyl Phosphate and Nitro Blue Tetrazolium Chloride
(BCIP/NBT, DAKO Corporation, Carpinteria, Ca) as the chromogen for 30 minutes.
This produced a blue-purple reaction product and also required the use of Kaiser's
glycerol jelly for coverslipping.

Rat gut was used as a positive control for PCNA while rat skeletal muscle was used as
the positive control for SMA. Negative controls omitted the use of the relevant
antibodies and TBS was used instead.

Lectin and SMA
The slides were prepared as above with EC being detected with Lectin and using ACE
as the chromogen.

Following rinsing in TBS, the tissue sections were then reacted with SMA and
BCIP/NBT was again used as the chromogen.

Rat lung was used as the positive control for Lectin and rat skeletal muscle was used
the positive control for SMA. TBS was used instead of the relevant antibodies in the
negative controls.
Since both Lectin and SMA are cytoplasmic markers, the use of different coloured
chromogens enabled both cell types to be easily distinguished. Thus, both EC and
pericytes could be positively identified in the same tissue section.
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Double staining technique to detect apoptotic cells
DNA fragmentation is observed in apoptosis. The activation of endonucleases shorten
the DNA fragments into multimers of about 180 base pair nucleosomal units. The
terminal deoxyribonucleotidyl transferase (TdT)-mediated biotin-16-dUTP nick-end
labelling (TUNEL) method is commonly used to detect these DNA strand breaks by

enzymatically labelling the free 3'-OH termini found in apoptotic cells. In this study
apoptotic cells were detected in situ using the ApopTag® Peroxidase kit (Intergen
Company, Purchase, NY) and the methodology used was as follows.

Slides were dewaxed by immersion in 2 toluene baths for 5 minutes each and then
rehydrated by 2 immersions in 100% ethanol for 5 minutes each. Slides were then
immersed for 3 minutes each in descending concentrations of ethanol (90%), 80% and
10%) followed by a 5 minute rinse in PBS. Sections were treated as mentioned
previously to identify EC and Pc using lectin and SMA respectively. The EC were
stained using AEC while the Pc were stained using BCIP/NBT.

In order to expose the DNA binding sites, the sections were covered by a 35 microlitre
aliquot of proteinase K (using a micropipette with a disposable plastic tip) for 15
minutes at room temperature in a humidified chamber. To facilitate the use of such a

small volume of solution, plastic coverslips (as supplied) were cut to shape and plac
over each section. This was followed by 2 distilled water rinses for 2 minutes after
placing the slides in a coplin jar.
Endogenous peroxide activity was quenched by covering each section with 35
microlitres of a 3% hydrogen peroxide solution for 5 minutes. This was followed by 2
rinses of PBS after placing the slides in a coplin jar.
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After tapping off excess liquid, 35 microlitres of equilibration buffer (as supplied) were
placed over each section and incubated for a minimum of 10 seconds. This solution was
then tapped off the section and any excess was carefully blotted prior. The TdT enzyme
was mixed with the reaction buffer in a 30% to 70% ratio by vortexing and stored on ice
prior to use. Sections were then covered with a 35 microlitre aliquot ofthe TdT enzyme.
The slides were then placed in a humidified chamber and incubated for 60 minutes in a
37°C oven.

Slides were then placed in a coplin jar containing a working strength stop/wash buffer
(as supplied) and agitated for 15 seconds before being left for 10 minutes at room
temperature. This was followed by 3 rinses in PBS for 1 minute each.

After tapping off excess liquid, a 35 microlitre aliquot of anti-digoxigenin peroxidase
conjugate was applied to each section and incubated for 30 minutes in a humidified
chamber at room temperature. The slides were then washed in 4 changes of PBS for 2
minutes intervals.

Excess liquid was then tapped off each slide and each section covered with a 35
microlitre aliquot of DAB and placed in a humidified chamber for 6 minutes at room
temperature. The sections were then rinsed with 3 changes of distilled water for 1
minute intervals.

Sections were then counterstained in 0.5% (w.v) methyl green for 10 minutes at room

temperature and then washed by dipping the slides for 10 times in 3 changes of distilled
water. Slides were then coverslipped using an aqueous mounting medium (Kaiser's
glycerol jelly).
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Stained sections were then photographed using an Olympus BH-2 microscope and

camera (Olympus Optical Co., Ltd, Tokyo, Japan) with Kodak Ektacolor Pro 160 film.
The film was developed and mounted by Media Services, Nedlands, Perth, Western
Australia.
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CHAPTER 5

RESULTS
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RESULTS
Experiment 1: Electronmicroscopy

A qualitative study of the cell populations of the developing CL at day 1 and day 2 wa
undertaken at the ultrastructural (EM) level.
Whole CL tissue was collected as described (page 50) and prepared for EM
investigation. Sections of day 1 and day 2 tissue were examined in successive regions

from the remnant antral space (area I) towards the periphery ofthe developing CL (area
IH) (see Figure 5.1).
Figure 5.1

Figure 5.1. The antrum (A) is lined by flattened cells indicated by the arrows (-»). A
nearby capillary is illustrated (C). The outlines I, JJ and UJ indicate areas of
investigation.
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Figure 5.2

Figure 5.2. A higher magnification ofthe cells seen lining the antral space in Figure 5.1
(area I). Cell 1 has an elongated nucleus (N). The cytoplasm contains some

mitochondria (*) and endoplasmic reticulum (ER). There are large electron dense bodie
(B) present, possibly lysosomes. Cell 2 has lightly staining cytoplasm which contains
very extensive endoplasmic reticulum (ER) and some electron dense bodies (B). There
are also areas of cell contact evident (arrows).
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Figure 5.3

Figure 5.3. A higher magnification of area II in Figure 5.1. T w o types of cells are

evident. Type I is flattened in appearance, has a long nucleus and the cytoplasm cont
mitochondria (*) and endoplasmic reticulum (ER). Type II has cytoplasm rich in
mitochondria (*), and also contains lipid droplets (L).
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Figure 5.4

Figure 5.4 In area JJJ of Figure 4, there is a luteal cell (LC) with cytoplasm containing
m a n y mitochondria (*), lipid droplets (L) and well developed endoplasmic reticulum
(ER). Cell 1 has a large nucleus. The cytoplasm contains an extensive endoplasmic
reticulum (ER), a prominent Golgi apparatus and some mitochondria are present (*).
Cell 2 has very lightly staining cytoplasm which is rich in mitochondria (*), and
endoplasmic reticulum (ER).
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F r o m the qualitative morphologic study presented in Figures 5.1 to 5.4, there were two
different types of squamous epithelial cells present:
1) Cells with an elongated nucleus that were migrating through the luteal cells and;

2) Cells with a darkly staining cytoplasm which lined the antral space. These cells wer
also in close contact with elongated cells which had a lightly staining cytoplasm that
was rich in cytoplasmic reticulum. Both cell types contained electron dense bodies, a
feature associated with phagocytic activity.

These cells could be either EC or Pc since, during angiogenesis, it may not be possible
to distinguish between both cell types (Schor et al, 1992). In order to differentiate
between the two cells, an immunohistochemical study was performed (Experiment 2).
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Morphometry
Basic statistical analysis was performed using Microsoft Excel Version 7.0. Single
factor analyses of variance test (one-way A N O V A s ) were used. W h e n the F-test for the
A N O V A reached statistical significance (p<0.05), differences among specific means
were assessed by the least significant difference test (LSD) (Snedcor and Cochran,
1989). Results are presented in the form of figures (see Figures 5.5 to 5.14) followed by
a brief discussion of these results. All values are the mean value for each of 5 rats
sampled per day of gestation.

Figure 5.5
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Values are the mean ± S E M (n= 5). Where applicable, values
without c o m m o n notations differ significantly (P<0.05 LSD-test).
There is a steady but significant increase in C L volume from Day 3 to Day 10. This is
followed by a substantial increase from D a y 10 to Day 16 (when steroid secretion is
maximal, Uchida et al., 1970) before undergoing a significant decrease from Day 16 to
D a y 22.
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Figure 5.6 Growth of Luteal Endothelium
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Values are the mean ± S E M (n= 5). Where applicable, values
without c o m m o n notations differ significantly (P<0.05 LSD-test).

Growth ofthe endothelium (including lumen), measured as a percentage ofthe C L (then
represented in Figure 2 as an absolute volume in microlitres), paralleled the significant
growth ofthe C L between D a y 1 and Day 3. This was followed by a significant and
more substantial increase from Day 10 to Day 16. Interestingly, there was a significant
decline in the volume ofthe luteal vascular compartment from D a y 16 to D a y 22.
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Figure 5.7
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Values are the mean ± S E M (n= 5). Where applicable, values
without common notations differ significantly (PO.05 LSD-test).

With the growth ofthe vascular compartment, there was a corresponding increase in
capillary surface area. Again there was a substantial increase from Day 10 to Day 16.
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Figure 5.8
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Values are the m e a n ± S E M (n= 5). Where applicable, values
without c o m m o n notations differ significantly (P<0.05 LSD-test).

M u c h growth ofthe endothelium was due tofirstly,significant proliferation of E C over
thefirst6 days and, secondly, due to a further period of proliferation from D a y 10
onwards (as reported previously by Meyer and Bruce, 1979a).

Figure 5.9

mm

Figure 5.9. A Day 1 (late) C L showing a capillary with lumen (L). There is a prominent
nucleus (N) visible together with the basal lamina (BL) surrounding the endothelial
The line "A-A" is a measure ofthe EC thickness.
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Figure 5.10

Endothelial cell volume
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Values are the mean ± S E M (n= 5). Where applicable, values
without c o m m o n notations differ significantly (P<0.05 LSD-test).

Thefinalphase of expansion ofthe endothelium (particularly from Day 10 to Day 16)
was a result of elongation of their cytoplasmic volume (in the direction of growth). The
resulting fully-differentiated capillary was composed of relatively large E C (ie, in
volume) whose cytoplasm extended some length along the capillary wall.

Figure 5.11

Figure 5.11. A Day 3 C L with a capillary exhibiting a large lumen (L) and an E C with a

prominent nucleus (N). The line "a" shows a "thin" EC cytoplasm while the line "A"
indicates a "thick" E C cytoplasm.
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Figure 5.12
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Values are the m e a n ± S E M (n= 5). Where applicable, values
without c o m m o n notations differ significantly (P<0.05 LSD-test).

There is a reduction in the harmonic mean thickness from D a y 1 to D a y 3 when n e w
vessels are being established. This parameter remains relatively constant until D a y
10 and then there is a marked reduction by D a y 16 w h e n steroid secretion is
maximal. This "thinning" ofthe cytoplasm is illustrated in Figure 5.11. There is a
return towards baseline levels from D a y 16 to D a y 22.
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Figure 5.13

1

Harmonic mean thickness (LOC)

10

16

22

Days Gestation
Values are the mean ± S E M (n= 5). Where applicable, values
without c o m m o n notations differ significantly (P<0.05 LSD-test).

The interstitial space (LOC) remains constant between Day 1 and D a y 10. There is a
marked reduction in the dimensions of this space from Day 10 to D a y 16 when
steroid transport is maximal. This if followed by a gradual return to the interstitial
space normally present between E C and luteal cells by D a y 22.
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Figure 5.14
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Transport Interface (cytoplasm)

6

10

16

22

Days Gestation
Values are the m e a n ± S E M (n= 5). Where applicable, values
without c o m m o n notations differ significantly (P<0.05 LSD-test).

A s the endothelium volume increases, the cell is expanding its interface surface area
which consists of three major regions, cytoplasm only, cytoplasm and nucleus, and
cytoplasm and pericyte. The bulk ofthe expansion is to create a sufficient "cytoplasm
alone" interface for effective transport. This is around 7 0 % from D a y 1 to D a y 10.
During the period of maximal steroid secretion (day 16) there was significantly more of
the endothelial interface consisting of "cytoplasm alone". At D a y 22, w h e n progesterone
secretion is declining, there was also a reduction ofthe "cytoplasm alone" interface.
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Figure 5.15 Transport Interface (cytoplasm and
nucleus)

l

3

6

10

16

22

Days Gestation
Values are the mean ± S E M (n= 5). Where applicable, values
without c o m m o n notations differ significantly (P<0.05 LSD-test).

The nucleus doesn't change significantly in volume, thus any difference in this
parameter reflects the change in the associated interfaces. Therefore, between D a y 1
and D a y 3, the significant reduction reflects the expansion ofthe E C cytoplasm and the
capillary lumen. Between D a y 10 and D a y 16, it reflects the surface expansion ofthe
"cytoplasm alone" interface.
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Figure 5.16

Transport Interface (cytoplasm
and pericyte)

6

10

16

22

Days Gestation
Values are the mean ± S E M (n= 5). Where applicable, values
without c o m m o n notations differ significantly (P<0.05 LSD-test).

The dramatic change from D a y 1 to D a y 3 reflects the close apposition of pericytes to
the endothelium. This degree of coverage is reduced from D a y 10 to D a y 16 when
steroid secretion is maximal and is a further consequence of expansion ofthe
"cytoplasm alone" interface.
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Experiment 2: Light microscopy and immunohistochemistry

Haematoxylin and Eosin

In order to permit examination of unstained sections, every fifth slide was subject
H&E staining. A representative photograph of each day examined is presented.

Figure 5.17

Figure 5.17. A day 1 C L with a large antrum (A) is shown.
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Figure 5.18
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Figure 5.18. A day 2 C L is shown which contains a remnant antral space (A).
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Figure 5.19. A day 3 C L with capillary sprouts (S) present.
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Figure 5.20. A section of lung used as a positive control for lectin. Stained E C are
demonstrated by the arrowheads (>).
Figure 5.21

Figure 5.21. A secondary follicle (F) with a large antrum (A). Staining is confined to the
thecal layers (T).
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Localisation of endothelial cells

EC were identified using lectin from Bandeiraea simplicifolia which binds to sugars
(polysaccharides) on the EC surface membrane. It has been shown to be a sensitive
marker for angiogenic EC (Augustin et al, 1995). Figure 5.20 demonstrates staining of
a section of lung used as a positive control for lectin.
Results were as follows:

Dayl.

The typical staining pattern of follicles is shown in Figure 5.21. No staining was evid
in the granulosa layer. There was no difference in staining within developing thecae
around large and small follicles.

Figure 5.22
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Figure 5.22. A day 1 C L with a remnant antrum (A). A capillary sprout (S) and capillary
(C) are also evident.
Figure 5.23

Figure 5.23. A higher magnification of Figure 5.10 showing a capillary sprout (S). The
stained cytoplasmic process of an E C is indicated by the arrow (->).
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A recently ruptured follicle is pictured in Figure 5.22. E C were visible around capillaries
associated with the theca interna and theca externa.

At a higher magnification (Figure 5.23), the stained cytoplasmic process of EC is more
apparent. Developing capillary sprouts are also evident.
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Figure 5.24. A day 1 C L with a remnant antral space (A). The stained cytoplasmic

process of a migratory EC is shown by the arrow {-^). The arrowhead (>) points to th
stained cytoplasm of an EC associated with a developing vessel.
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S o m e isolated E C migrating between luteinizing granulosa cells in the newlydeveloping CL were seen in Figure 5.24. The EC were not associated with recognisable
capillaries. EC were also evident around newly formed capillaries.
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Day 2.

M a n y EC-lined vascular spaces were present throughout the C L , representative of
sinusoids. These are illustrated in Figure 5.25 below.
Figure 5.25

Figure 5.25. A day 2 developing CL. The remnant antral space is labelled (A) and a
capillary sprout (S) is evident. The stained cytoplasm of EC lining the sprout is
indicated by the arrowheads (>).

Figure 5.26
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Figure 5.26. A C L with a developing vessel. The stained, lumenally placed E C are
shown by the arrowheads (>).
Figure 5.27

Figure 5.27. A higher magnification of Figure 5.14 with arrowheads pointing to stained,
lumenally placed E C (>). A n unstained Pc (-») appears to be lining the vessel. The
asterisk denotes an ablumenally located Pc (*).

Another observation in day 2 C L was that some vessels were not completely lined by

EC. Such a vessel is shown in Figure 5.26 and in higher magnification in Figure 5.27.

Figure 5.28
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Figure 5.28. A day 3 C L exemplifying the cartwheel appearance ofthe invading E C
front (arrows).
Figure 5.29
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Figure 5.29. A higher magnification ofthe preceding figure with capillary sprouts

labelled (S). The stained cytoplasmic processes of EC are indicated by the arrowheads
(>)•
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D a y 3.
Staining was still confined to the theca surrounding the follicles. Within developing

there was a "cartwheel" appearance of stained cells which were migrating centripetally
(Figure 5.28). Cells were seen to be connected via long cytoplasmic processes (Figure
5.29).

Figure 5.30

Figure 5.30. A section of kidney used as a positive control for S M A . Stained cells are
indicated by the arrowheads (>).
Figure 5.31

Figure 5.31. A secondary follicle (F) with a large antrum (A). Staining is confined to the
thecal layers (T).
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Localisation ofpericytes

In order to identify pericytes, a cytoplasmic marker for alpha smooth muscle actin
(ctSMA) was used. A section of kidney was used as a positive control for aSMA, as
seen in Figure 5.30.
A description ofthe results is as follows:

Dayl.

Smooth muscle cells (SMC) were intensely stained and staining was prominent in the
theca, ovarian vessels and smooth muscle ofthe uterine tube and uterus.

With regards to the follicles, no staining was found within the granulosa of the folli

the stain being confined to the theca interna (Figure 5.31). The staining was evident i

the abluminal cells (ie. pericytes) of the capillaries within the surrounding connecti
tissue.

Figure 5.32

Figure 5.32. A day 1 C L with a large antral space (A) which is lined by positivelystained cells shown by the arrows (-»).
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Figure 5.33. A higher magnification of Figure 5.32 with arrows (-») pointing to the
stained cytoplasmic processes of Pc.
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In Figure 5.32 Pc seen to be lining the antral space had a flattened (squamous)
appearance.
Figure 5.33 is a higher magnification of the Pc seen lining the antral space of the
recently ruptured follicle seen in Figure 5.32.

Figure 5.34
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Figure 5.34. A day 1 C L with arrows (-») indicating the stained cytoplasmic processes
of Pc which are lining the antral space (A). The stained, long, wispy cytoplasmic
process of another Pc is indicated by the arrowhead (>).
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In another recently ruptured follicle, Pc were visible surrounding developing vessels and
some were migrating through the luteinizing granulosa cells of the CL (Figure 5.34).
These cells had long, wispy cytoplasmic processes. Note that Pc were again present in

the vicinity ofthe antral space but had a rounded nucleus with a long, wispy cytoplasmic
process and had not, as yet, adopted a squamous appearance.

Figure 5.35
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Figure 5.35. A day 2 CL with a developing vessel. The stained cytoplasmic processes
lumenally placed Pc are indicated by arrowheads (>). The stained cytoplasmic processes
of ablumenally positioned Pc are marked by the arrows (->).
Figure 5.36

Figure 5.36 A higher magnification of Figure 5.35 demonstrating the same features.
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Day 2
There was an high concentration of Pc in the old antral space which appeared to be

developing into a vessel. Tracts were also evident throughout the body ofthe CL and
were seen to be forming part ofthe capillary wall. (Figures 5.35 and 5.36).

Figure 5.37
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Figure 5.37. A day 3 C L demonstrating the cartwheel appearance ofthe invading Pc
front (arrows).
Figure 5.38

i5 ^

m

i

Figure 5.38. A higher magnification ofthe preceding photograph. The lumenally
bulging nuclei (N) of E C are shown. The stained cytoplasm of ablumenally positioned
Pc are marked by arrows (->).
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D a y 3.

There was a centripetal orientation of cells in a radial pattern and they were direct
toward the remnant antral space (Figure 5.37). Long, wispy communicating processes

were evident and abundant. The relationship of Pc to EC is also demonstrated in Figur
5.38.

Figure 5.39

Figure 5.39. A section of gut used as a positive control for P C N A . Stained cells are
indicated by the arrowheads (>).

Figure 5.40. A secondary follicle (F) with a large antrum (A). Staining is marked both
within the granulosa cells and the cells ofthe thecal layers (T).
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Localisation of cell proliferation

Proliferating Cell Nuclear Antigen (PCNA) was used to highlight cells undergoing
mitosis. A section of gut was used as a control (figure 5.39).
The results were as follows;
Dayl.

Staining activity was mainly found within the theca surrounding developing follicles
and within the granulosa cell layer (Figure 5.40).
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M u c h staining was evident within the recently ruptured follicle shown in Figure 5.41.

Some of these cells were the cuboidal, luteinizing granulosa cells while others had lo
wispy cytoplasmic processes.
Figure 5.41

Figure 5.41. A day 1 C L with the remnant antral space labelled (A). Cells staining
positively for nuclear mitotic activity are indicated by arrows (—>•).
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Day 2.
Very little activity was evident. This is exemplified in Figure 5.42 below.

Figure 5.42

Figure 5.42. A day 2 C L with a well developed capillary sprout (S) and demonstrating a
lack of cellular proliferative activity.

Figure 5.43
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Figure 5.43. A day 3 C L with several sites of cell proliferation indicated by asterisks
(*)•

Figure 5.44
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Figure 5.44. A higher magnification of Figure 5.31 showing an example of a capillary
sprout (S). Areas of cell proliferation are indicated by arrows (-»). Another capillary is
highlighted by the asterisk (*), and an adjacent arrowhead (>) points to a positivelystained nucleus associated with that capillary.
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Day 3.

Proliferative activity was noted, especially with the cells surrounding the sinusoids a
tracts (Figures 5.43 and 5.44). The staining was not as intense as in Day 1.

Figure 5.45. A secondary follicle with a large antral space (A).
Figure 5.46

Figure 5.46. A higher magnification of Figure 5.45 showing the antral space (A) and an
intact basement membrane ( B M ) separating the follicle from the thecal layers.
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Double-labelling Immunohistochemistry
Lectin and SMA
Dayl.

A section through a secondary (Graafian) follicle is seen in Figure 5.45.The presen
an intact basement membrane is demonstrated in Figure 5.46. The EC and Pc were
restricted to the thecal layers.

Figure 5.47

Figure 5.47. A n "old" C L in a day 1 rat.

Figure 5.48

Figure 5.48. A higher magnification of Figure 5.47 illustrating a well developed vessel
(V). The stained E C cytoplasm is indicated by the arrowheads (>) while arrows (->)
point to the stained cytoplasm of Pc.
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A n old C L , as evidenced by the large lipid spaces, is seen in Figure 5.47. There was a

distinct vessel present (Figure 5.48). In addition, with the appearance of a defined
vasculature, there was a loss of "free" EC and Pc within the body ofthe CL.

Figure 5.49

Figure 5.49. A day 2 C L with a diminished antral space (A).
Figure 5.50

Figure 5.50. A higher magnification of Figure 5.49 with the remnant antral space
marked (A). The stained E C cell processes are indicated by arrowheads (>) while arrows
(-») point to the stained cytoplasmic processes of a Pc associated with that EC. The
stained cytoplasmic process of a "free" Pc is indicated by the asterisk (*).
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D a y 2.
There was a close association of Pc with EC all along the vessel tracts and remnant
antral space. This is highlighted in Figures 5.49 and 5.50. Some "free" Pc are also
evident in these photographs.

5.51
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Figure 5.51. A day 3 C L illustrating the cartwheel pattern of invasion by the vascular
front.
Figure 5.52

Figure 5.52. A higher magnification of Figure 5.51 showing capillary sprouts (S). The
cytoplasmic processes of an E C are shown by the arrowheads (>). The arrows (-») point
to the long, wispy cytoplasmic processes of Pc.
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D a y 3.

Figures 5.51 and 5.52 exemplify the radially directed, centripetal pattern of migra
for both EC and Pc which was a common feature in many sections.

Figure 5.53

Figure 5.53. A day 3 C L with stained nuclei of proliferating cells indicated by asterisks
(*). A migratory E C with stained cytoplasm and nucleus is shown by the arrow (->).
Vascular spaces lined by E C with stained cytoplasm and nucleus are indicated by the
arrowheads (>).
Figure 5.54

ngure 5.54. A day 3 C L illustrating stained nuclei of proliferating cells (*). A Pc with a
stained cytoplasm and nucleus is indicated by the arrowhead (>). The long, wispy
cytoplasmic process of a Pc is indicated by the arrow (-»).
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P C N A and Lectin and P C N A and S M A
There was difficulty encountered with a faint end-reaction product for PCNA which
masked by the strongly staining AEC and BCIP/NBT. This made interpretation of the

results difficult and inconclusive. However, Figure 5.53 does provide some evidence
EC proliferation found in a day 3 CL.

Similarly, Figure 5.54 depicts a Pc undergoing mitotic activity.
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Experiment 3: Detection of apoptosis

Tissue sections from day 22, 20, 16, 10 and 2 were examined for evidence of apoptotic
activity. Sections were double stained using DAB as a marker of apoptotic cells while
EC were stained with AEC and Pc were stained with BCIP/NBT. There were problems
encountered with the contrast between AEC and DAB making differentiation of
apoptotic cells difficult.
A section of post-weaning mammary gland taken from a rat was used as a positive
control for detection of apoptosis as seen below in Figure 5.55.

Figure 5.55

Figure 5.55. Positive control for apoptosis. Apoptotic cells found in post-weaning
mammary gland are indicated by the arrows (-»).

Figure 5.56
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Figure 5.56. A day 22 C L stained with H & E . The asterisks highlight well developed
luteal cells with a large nucleus and vesicular cytoplasm (*).
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In Figure 5.56, a H & E section of a day 22 C L is shown for comparison with the
following day 22 photographs showing apopfosis/Pc and apopfosis/EC results.

Figure 5.57
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Figure 5.57. A day 22 C L with a longitudinally sectioned capillary demonstrating the
lumenally protruding E C indicated by arrowheads (>). Within the body ofthe C L can be
seen unstained E C (>) surrounded by S M A stained Pc (->).
Figure 5.58

Figure 5.58. Similar area to that above with arrowheads pointing to lumenally bulging
E C while unstained Pc are indicated by arrows (->).
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Figures 5.57 and Figure 5.58 demonstrate the highly vascularised corpus luteum
commonly found in day 22 of pregnancy. In this particular CL there is no evidence of
apoptotic activity.

Figure 5.59
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Figure 5.59. A day 22 reveals an extensively vascularised C L . There is little evidence of
apoptosis with an apoptotic cell indicated by the arrow (-»).
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Figure 5.60. A day 22 C L with the arrowheads (>) pointing to stained E C while the
arrows indicate ablumenally placed Pc (-»). The asterisk highlights a luteal cell with a
large nucleus and vesicular cytoplasm (*).
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Figures 5.59 and 5.60 represent another C L present in a day 22 pregnant rat. The rich

vascularity of this well developed CL is evident. There is very little apoptotic activity
present. Figure 5.60 demonstrates the difficulty in distinguishing between stained EC
and areas of apoptosis.

Figure 5.61
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Figure 5.61. A day 22 C L with asterisks indicating luteal cells (*). Apoptotic luteal cells
are shown by the arrows (-»).
Figure 5.62
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Figure 5.62. A day 22 C L with arrowheads indicating unstained, lumenally positioned
E C (>). The arrow points to an apoptotic luteal cell (-»).
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Figures 5.61 and 5.62 represent two further C L found in a day 22 pregnant rat. Again,

there is very little apoptotic activity to be found and it is localised to luteal cells.
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A H & E stained section through a typical C L found in day 20 of pregnancy is shown
below in Figure 5.63.
Figure 5.63

Figure 5.63. A day 20 C L stained with H & E showing a very cellular central region.

Figure 5.64

Figure 5.64. A day 20 C L with a central region composed of Pc as indicated by the
arrows (->). The arrowhead indicates an unstained, lumenally placed E C (>).
Figure 5.65.

V\
Figure 5.65. Same area as Figure 5.64 with arrowheads indicating stained EC. The
central cellular region is predominantly composed of unstained cells (->).
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D a y 20 of pregnancy revealed an absence of apoptotic activity within the C L , as seen in

Figures 5.64 and 5.65. An interesting finding was the presence of a very cellular c
area within the CL. This was composed primarily of Pc.
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A H & E stained section through a typical C L found in day 16 of pregnancy is shown in
Figure 5.66 below.
Figure 5.66
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Figure 5.66. A day 16 C L stained with H & E .

Figure 5.67

Figure 5.67. A day 16 C L which is richly vascularised and devoid of apoptotic activity.
Pc are indicated by the arrows (->).
Figure 5.68

Figure 5.68. A day 16 C L stained with lectin again illustrates the rich vascular network
of this tissue. E C are indicated by the arrows (->).
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D a y 16 of pregnancy was exemplified by very vascular C L with the absence of apoptotic
activity as demonstrated in Figures 5.67 and 5.68.
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A H & E section through a typical day 10 C L of pregnancy is shown in Figure 5.69
below.
Figure 5.69

Figure 5.69. A day 10 C L stained with H & E .

Figure 5.70
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Figure 5.70. A day 10 C L with arrows pointing to apoptotic cells (->).
Figure 5.71

Figure 5.71. A day 10 C L with an apoptotic cell shown by the arrow (->).

123

D a y 10 of pregnancy exhibited very few signs of apoptotic activity within C L as
illustrated in Figures 5.70 and 5.71. However, apoptotic activity was present within
atretic follicles scattered throughout the ovary. This is demonstrated in Figures 5.72
5.73 overleaf.
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Figure 5.72

Figure 5.72. Day 10 stained with H & E showing an atretic follicle with antral space (A).
The arrows indicate apoptotic cells (-»).
Figure 5.73
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Figure 5.73. Day 10 showing two atretic follicles. Apoptotic cells are shown by the
arrows (-») while the intact basement membrane is indicated by the arrowheads (>).
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Figure 5.74

Figure 5.74. A n "old" C L present on day 2.
Figure 5.75
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Figure 5.75. Similar section as in Figure 5.74 showing an "old" C L with apoptotic cells
indicated by the arrows (->).
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A s seen in the preceding Figures 5.74 and 5.75 depicting day 2 of pregnancy, apoptotic
activity was present in "old" CL from the previous cycle. Further apoptotic activity was
also detected in non-dominant follicles scattered throughout the ovary as illustrated in
Figure 5.76 below.
Figure 5.76

Figure 5.76. A n atretic follicle is shown with a large antral space (A). T h e arrows (->)
point to apoptotic cells while the arrowheads (>) indicate the intact basal lamina ofthe
follicle.
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General summary

of results

The results demonstrate that Pc are actively involved in the angiogenic process from its
onset, as exemplified by Figure 5.33 showing a recently ruptured follicle with Pc lining
the remnant antral space. The Pc preceded the EC migration into the developing CL as
they were located at the forefront ofthe invading/migrating front (see Figure 5.34) and
later became incorporated into the capillary wall (see Figure 5.35). By day 3 distinct
vessels were forming. Once the vasculature had been established, Pc were the first cell
type to disappear (see Figure 5.48) during regression of "old" CL.

There was marked mitotic activity in the first day as evidenced in the cells of the
follicles and thecal vessels seen in Figures 5.40 and 5.41. This was followed by a period

of very little cell proliferation (see Figure 5.42) with a return to active cell division
day 3 (Figure 5.43).

The time of vascular cell invasion was not determined but secondary follicles had an
intact basal lamina (Figure 5.46).

There is little evidence of apoptotic activity in day 10, 16, 20 and 22 CL. The few cells
demonstrating apoptosis are luteal steroidogenic cells (Figures 5.61 and 5.62). Day 2 CL
show signs of apoptosis which are related to degenerating CL from previous cycles
(Figure 5.75).
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CHAPTER 6

DISCUSSION

129

DISCUSSION

This study completes for thefirsttime a quantitative electronmicroscopic account ofthe
angiogenic process throughout the lifespan of the CL. Firstly, the absolute growth
(including total surface area) of the endothelium was determined; then, to what extent
this growth was due to EC proliferation (cell hyperplasia) and/or individual growth of
EC (cell hypertrophy). Secondly, emphasis focused on determining how changes in EC
shape, surface area of the EC membrane available for trans-capillary exchange, and
thinness of the endothelium (an index of diffusion distance) altered during the initial
angiogenic events to finally form the quiescent, mature, functional capillary
endothelium.

This study was of further value because these ultrastructural features within the
endothelium were coupled with the development and maturation (luteinisation) of the
luteal cells. Alterations in the surface area of the luteal cell directly apposed to the
endothelium, or a neighbouring luteal cell, or adjacent to the concomitant development
of an interstitial compartment were determined. These parameters directly reflect the
luteal cell's modifications to provide effective exchange with the blood as functional
demand increases. Thus, a description of angiogenesis in the context of development of
normal endocrine tissue was undertaken.

The major focus of this study was to relate quantitative morphological changes involved
in physiologic angiogenesis and relate them to the morphological maturation of the
surrounding steroid-secreting luteal cells. This is the first account of any attempt to
quantitatively test the hypothesis that regulation ofthe angiogenic process is intimately
related to the development of an effective relationship between a tissue and the vascular
supply to that tissue.
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T h e control or limitation of progesterone secretion by the C L has at least two
components. The first relates to the biochemistry of the luteal cell. Within this
framework, gonadotrophins are viewed as influencing progesterone production by
altering enzyme capacities or affecting transport of precursors or products between
organelles within the luteal cell. The second component, which has received less

attention, relates to the difficulty of transporting materials to and products and wastes
from the luteal cell itself. Gonadotrophins could play a role by increasing rates of
ovarian blood flow (Piacsek et al, 1971; Bruce and Dimmitt, 1977). Blood flow rates,
however, simply afford the opportunity to deliver and remove substances. Actual
transport will depend also on the structural characteristics of the intervening barriers
between cell cytoplasm and blood. The present work details the first attempt to present a
quantitative approach to the structural development of these barriers. Again, the aim was
to relate physiological angiogenesis to the role of the parenchymal cells in endocrine
homeostasis.

A major problem in interpreting qualitative studies of structure is the artefact problem,

particularly that associated with fixation methods. Effects of various fixation technique
on quantitative histology were considered by previous work (Dharmarajan et al, 1983).
It was concluded that perfusion-fixed material best represented the physiological
situation. This study was therefore carried out using perfusion-fixed tissue.

The choice of measurements taken was based on their likely physiological relevance.
The fully developed CL was considered to have three major compartments: the
intravascular (lumenal) space and surrounding endothelium, the interstitial space, and

the luteal cells (parenchyma). In this study, transport processes were considered between

blood within capillaries, and the luteal cell cytoplasm. Thus, the intervening structures
included the capillary wall with its inner and outer membranes, basal lamina around
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most capillaries, pericytes, the interstitial space, and the luteal cell membrane (See
Figures 5.6, 5.12 and 5.13).

As reported by Meyer and Bruce (1979a), the absolute growth of the endothelium
(including lumen), paralleled the growth of the CL between Day 1 and Day 3, then a
more substantial increase from Day 10 to Day 16. This growth phase ensured that blood
supply to a unit volume of parenchyma remained relatively unchanged throughout the

functional lifespan of the CL. Presumably this relationship ensures a constant supply o

blood (and therefore nutrients etc.) per unit volume of parenchyma and strongly suggest
that functional demand influences vascular growth. The decline in vascularity ofthe CL
from Day 16 to Day 22 (a time when progesterone production is declining) is a result of
decreased cell volume and, as a consequence, a decrease in lumenal space. This may be
a significant morphological indication of the luteolytic process and contribute to
decreased blood flow to the CL during these final few days of its lifespan.

As is the case with most body tissues, growth of the endothelium was a combination of
EC hyperplasia and hypertrophy. Angiogenic factors may regulate the proliferative

phase and the migratory events early in the angiogenic process. It would appear that ce
hypertrophy is responsible for completion of the differentiated capillary, which is
composed of relatively large EC whose cytoplasm extend some length along the
capillary wall. As EC hypertrophy and extension of its cytoplasmic volume away from
the nucleus accounted for much of the capillary expansion, more of the EC cytoplasm
was thus made available as the transport interface.

During the early period of growth (up to Day 3) there was an increasing direct
association of the Pc with the EC, perhaps to inhibit further angiogenic events. This
relationship between EC and Pc did not compromise the area available for exchange
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since the cytoplasm only interface remained reasonably unchanged (in fact it slightly

increased). Beyond Day 10, less percentage ofthe cell interface at the abluminal surface
was adjacent to pericytes and there was further exposure ofthe cytoplasm only interface
as the cell cytoplasm "thinned out" and lengthened the capillary dimensions. This
morphological adaptation for greater exchange area coincided with the period of
increasing steroid production by the luteal cells (Meyer and Bruce, 1984).

The concept of harmonic mean thickness has particular relevance in assessing the
capacity of a tissue to transfer gases between cells and blood. For the transport of

oxygen in the CL, this diffusion capacity can be defined as the ratio of oxygen flow per
minute to the partial pressure gradient of oxygen between luteal cells and capillary
blood (see Weibel, 1979a Vol 1: page 325). This capacity can be estimated by knowing
oxygen uptake by the CL, arterial oxygen tension, permeability coefficients for tissue,
intercellular space and the harmonic mean thickness of the interposed barriers between
blood and luteal cell cytoplasm. The present work provides data ofthe latter throughout
the functional lifespan of the CL and helps to appreciate the extent to which the
particular structural characteristics ofthe CL serve to facilitate gas transport.

Harmonic mean thickness is a morphological measure of diffusion distance and thus an
index of diffusion efficiency. During early development of the CL (ie. Day 1- Day 3)
there was closer apposition established between the endothelium and the luteal cell as
indicated by the decrease in the distance from the luteal cell membrane and the lumenal
(LIC) capillary surface. This distance was constant until Day 10 even with the
development of an interstitial space between the major portion of the endothelium and
the luteal cell boundary, suggesting further "thinning" of the endothelium. However,

there was a redistribution of this interstitial compartment from Day 10 to Day 16 and so
the harmonic mean thickness (diffusion distance) was at a minimum value at Day 16, a
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time w h e n steroid secretion is at a peak. The redistribution of the interstitial
compartment was mainly to enhance this space between adjacent luteal cells rather than
compromise the dimension of the luteal cell-EC interstitial compartment. Such a
redistribution may be the morphological indication of adaptation of the luteal cell to
secrete steroid into the interstitium between luteal cells, which would then pass as a

continuum into the interstitial space around capillaries and then into the capillary lume

It has been previously reported that a striking feature of fully developed luteal tissue
the extensive interstitial space (Enders, 1973). The functional significance of this
interstitial space is unknown but it must be traversed by all materials exchanged
between the luteal cell cytoplasm and blood. In the present study, estimates were made
ofthe space found between cells and that found between cells and adjacent capillaries. It
is probable that these two compartments are interconnected and, as postulated earlier,
the difference between the two might simply relate to the diffusion distance between the
cell surface and blood. The question remains as to why, collectively, they have such a
large proportionate volume? It could be to act as a pool or buffer between cytoplasm and
blood and thus, a concentration peak developed near the boundary of one compartment
would be reduced by the time it reached the other. There could be something unique

about the physiology ofthe interstitial fluid. Since the vessel capillaries are sinusoida
nature (Bassett, 1943) they might allow the escape of larger molecules such as plasma
proteins. Analysis of ovarian lymph from sheep confirms that albumin is found in
similar concentrations to that found in plasma (Staples et al, 1982). If other large
molecules escape as readily then the interstitial space could be considered an extension
ofthe plasma space except that its volume turnover would be much smaller.

The intercellular space might need to contain a large number of albumin or other
specific protein molecules to support the transit of large numbers of steroid precursors
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required by the cell, molecules which are relatively insoluble in water or the relatively
protein-free fluids found in interstitial space in other organs.

It is just possible that the interstitial space is discontinuous and may have a role in
lymph drainage. It is well documented that ovaries and CL have an extensive system of
extrinsic lymphatic vessels and the total rate of lymph drainage appears high relative
other organs (Morris and Sass, 1966). To date, however, there has been no definitive

description of the lymphatic capillaries found within the CL of the rat. The absence of
lymphatics within the CL has been observed during sectioning of non-perfused tissue
where vessels always contained red blood cells, thus excluding the presence of a
lymphatic system within the CL. Therefore, the present work was carried out on the
assumption that no lymphatic vessels are found within the CL. Thus, the interstitial

space could be discontinuous, part feeding into the extrinsic lymphatics and part actin
as the transport route between cytoplasm and blood.

The results obtained from this study clearly indicate that the structures associated wi

transport are well developed in the CL by Day 16 in the pregnant rat. All development t

this time is leading to a total surface area of the capillary wall being extensive (Fig
5.7). The structure of the wall with thin cytoplasm, fenestrations and numerous
pinocytotic vesicles, suggests the ability for rapid transport of complex molecules
(Simionescu, 1983). By Day 16 less of the capillary wall was occupied by a nucleus
(7%) and part covered by pericytes (3%)(Figures 5.15 and 5.16). Diffusion or active

transport of molecules across these latter regions might be restricted but since they o
occupied 10% ofthe total, their significance would be minor.

In conclusion, this ultrastructural study has related quantitative morphological
adaptations (during the angiogenic process) to the morphological maturation of the
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steroid-secreting luteal cells. This study provides thefirstquantitative account of the
concomitant development of a steroid-secreting tissue and its vasculature.

The specific aim of this thesis was to examine angiogenesis using the developing corpus
luteum of the pregnant rat as an in vivo model. Such a model avoids the use of invasive
techniques (eg. implanting angiogenic material into an organism) which, in themselves,
may stimulate an inflammatory response and not represent a true physiologic state.

In summary, one very important outcome of this study was demonstrating that pericytes
are actively involved from the onset of angiogenic signals, preceding endothelial cell
invasion into the newly forming CL. Furthermore, this is the first study to report that
pericytes may contribute to formation of the vessel wall during physiologic
angiogenesis. This study also has provided evidence that vessel regression via selective
cell death (apoptosis) is not a phenomenon within CL during pregnancy in the rat.

How might pericytes facilitate the early angiogenic response presented in this thesis?
Although not examined in the experiments of this thesis, it is appropriate to provide
some possible explanations ofthe molecular events that support its findings.

Hypothesis; Pc influence the behaviour of EC during angiogenesis.

1. Factors released by ovarian follicles, CL, leukocytes (ie. angiogenic stimuli), and
mitogenic activity of pericytes and EC

The initial burst of cellular activity seen at Day 1 involved cells contained within the
theca interna (pericytes and EC) which, following mitotic division, migrated into the CL
to form tracts and sinusoids. This finding is supported by Diaz-Flores et al. (1992) who,
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w h e n examining periosteal osteogenesis, found that the behaviour of Pc were identical
to that of EC during angiogenesis in terms of separation from the parent capillary,
dissolution of the basal lamina, mitosis and migration.

Collagen is a major component ofthe luteal extracellular matrix (ECM) and is produced
as an integral component of tissue development. Disruption of the collagen component
of the basement membrane is a vital step in the angiogenic process and several
researchers have investigated this issue (Madri and Pratt, 1988). Gross et al. (1983)
demonstrated that bovine capillary EC produce increased amounts of plasminogen
activator and latent collagenase when cultured in the presence of angiogenic stimuli in

vivo. Furthermore, Puistola et al. (1986) found that as the time of ovulation approaches
the level of collagenolytic activity for type IV collagen in human follicular fluid
increases. Reich et al. (1991) also reported that type IV collagenase mRNA in the rat
ovary increased with the approach of ovulation. In addition, Matsushima et al. (1996)
suggested that "fragmentation of the follicular BM may correlate to the collagenolytic
activity of the follicles themselves ".

The fibroblast growth factors are a family of growth regulatory peptides that have an

affinity for the glycosaminoglycan heparin. Chintala et al. (1994) found basic fibrobla
growth factor (bFGF) bound to heparan sulphate in the extracellular matrix (ECM), both
in vitro and in vivo. Thus, heparan sulphate has been proposed to serve as a storage
reservoir for bFGF. EC in vitro synthesise and deposit bFGF into the subendothelial
ECM and are bound to and released from that matrix by heparin-like molecules. In

addition, D'Amore (1990) states that acidic and basic fibroblast growth factors are also
strong mitogens for pericytes.
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It has been shown that m a n y cell types in the circulation (eg. Lymphocytes, N K cells

and leukocytes) produce matrix metalloproteinases that participate in degradation ofthe
ECM. Spanel-Borowski et al. (1997) described the movement of polymorphonuclear
leukocytes (PMNs) from the theca externa toward the basement membrane surrounding
preovulatory follicles and participating in the degradation of the follicular basement
membrane.

Therefore, collagenase activity of EC and follicular fluid, together with leukocytic
degradation of basement membrane releases bFGF from the ECM, this being mitogenic
for pericytes and signals the commencement of angiogenesis.

In addition, steroidogenic cells produce hormones, as well as cytokines such as
interleukin-1 and -2, and TNF-ct which stimulate proliferation and migration of EC
(Trotta, 1991, Grazul-Bilska et al, 1997). They also produce growth factors such as
vascular endothelial factor (VEGF), epidermal growth factor (EGF), FGF, TGF-(3 and

insulin-like growth factor. This creates a chemical milieu that stimulates proliferatio
and migration of EC.

The timing of cellular invasion of the follicle could not be precisely determined by th
present study. However, the work by Matsushima et al. (1996) found that the basement
membrane of the follicles and capillaries of the theca interna started to break down
around the entire circumference of the Graafian follicle 2 hours before ovulation. They
also described how 6 hours after ovulation, dot-pattern positive reactions for type IV
collagen and laminin were detected in the granulosa layer, and thin basement membrane
structures appeared in association with the luteinizing granulosa cells.
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2. Chemotaxis of pericytes with loss of cell inhibition and resultant cytoskeletal
alteration of EC

The results from the experiments in this thesis show that cells staining for SMA had

invaded the follicle after it had ruptured. These invading cells were derived from the
vasculature of the theca interna surrounding the follicles, and were identifiable as

pericytes (as demonstrated by their position in relation to EC of existing vessels and
their staining characteristics). The possibility that these cells were smooth muscle
is also ruled out by the work of Osvaldo-Decima, (1970), Koering and Thor, (1978) and
Wiltbank et al, (1990) who (using a combination of electron microscopy and
immunohistochemistry) found that capillaries of the CL are devoid of smooth muscle
cell investment.

Pericytes reached the antral space before EC, as evidenced by the relative position o

different cell types identified with the use of immunohistochemical techniques (Figur
5.33). Pericytes were also detected more centrally within the developing CL than were
EC (Figure 5.34).

What could be the significance of Pc preceding EC in this angiogenic model? Some

insight may be gained by the work of Larson et al. (1987) who described the role of Pc
in cell communication, and Shepro and Morel (1993) demonstrated that Pc affect other
aspects of EC differentiation such as the organisation and distribution of the actin
cytoskeleton. Furthermore, Dore-Duffy et al. (1996) discussed how Pc modulated EC
adhesion reactions through the production of TGF-p. In addition, thecal-derived
pericytes were shown to produce the potent angiogenic growth factor VEGF by
Reynolds and Redmer (1998).
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Bertossi et al. (1995) found, using an in vivo model, that in the early stages of
angiogenesis Pc had a cytoplasm rich in rough endoplasmic reticulum and secretory
vesicles but these organelles were rarely observed at the completion of embryonic
development. Their conclusion was that Pc were as active as EC during angiogenesis.
Additional support for the involvement of Pc in angiogenesis is provided by Schor et al
(1992) who demonstrated in an in vitro study that sprouting Pc resemble sprouting EC
both morphologically and in terms of collagen biosynthesis. They also suggested that
during angiogenesis, EC and Pc might also be indistinguishable, both cell types
participating in the formation of sprouts and new blood vessels. These authors also
argue that if Pc were to signal the end of angiogenesis, it is difficult to explain why
angiogenesis begins most commonly from capillaries rich in Pc and why Pc are more
numerous during embryonic development (when neovascularisation is rampant) than in
the adult animal. Nehls et al. (1992), in an in vivo study using the rat mesentery model,

also concluded that Pc appear to be involved in the earliest stages of capillary sproutin
Pericytes were regularly found lying at and in front of the advancing tips of endothelial
sprouts.

Further support to the present study is provided in a recent study by Matsushima et al.
(1996) who found that more than 16 h after ovulation, vascularisation with the
formation of capillary basement membrane was observed in the granulosa layer, and
luteal mesenchymal cells with adjacent interstitial collagen components always
appeared in close association with the newly formed capillaries. The luteal
mesenchymal cells play an essential role in the neovascularisation ofthe developing CL
and it is likely that the mesenchymal cells being referred to by this research group were
Pc, since Schor et al. (1992) also proposed that Pc in the adult represent pluripotential
mesenchymal cells. There is also evidence provided by the studies of Nakayasu (1988)
and Rhodin and Fujita (1989) that the pericytes in newly-formed vessels differentiated

from

fibroblasts and
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further differentiated into smooth muscle cells. This

pluripotentiality of pericytes has been reviewed by Sims (1986), Diaz-Flores et
(1991) and Tilton (1991).

A study by Doraiswamy et al (1997) describes how thecal-derived VEGF-expressing
cells invade the granulosa layer within hours after ovulation. Furthermore, in

Reynolds and Redmer (1998) using bovine, ovine and porcine CL as an in vivo mode

they reported that the first thecal-derived cells to invade the granulosa-deriv
immediately after ovulation seem to be VEGF-containing pericytes. They go on to
describe how they came to this conclusion by colocalization of VEGF and smooth

muscle a-actin. These results support the hypothesis that Pc, through the produ
VEGF, influence the behaviour of EC during angiogenesis in the CL.

3. Transformation of EC into proteolytic/migratory phenotype-degradation of BM
and ECM

Benjamin et al (1999) reported that VEGF is required in a positive way to maint

adhesion to a provisional extracellular matrix until periendothelial cells faci
permanent mode of adhesion. This phenomenon is present in Day 2 where the Pc
produce VEGF which allows survival of the migrating EC. The production of
fibronectin by Pc represents the provisional ECM they alluded to.

Various proteases such as matrix metalloproteinases (MMPs) and urokinase
plasminogen activator (uPA) are secreted by sprouting EC (Pepper et al 1990).

Petzelbauer et al (1996) described how the production of tissue plasminogen act
by stimulated EC leads to proteolysis of ECM components and this proteolytic EC
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phenotype is representative of migratory E C . Huhtala et al. (1995) demonstrated that pi
integrin ligation resulted in induction of matrix metalloproteinase gene expression.

Kim et al. (1998) suggest that it is possible that different components of the basement
membrane (eg., laminin versus collagen type IV, etc.) have to be degraded sequentially
by uPA/plasmin and MMP-9. Degradation of the matrix may facilitate access to, or
degradation of, additional components, thereby breaking the integrity of the basement
membrane.

Ingber (1991) states that adhesion to ECM may therefore control cell cycle progression

in capillary EC by activating two integrated signalling pathways. Firstly, by stimulatin
release of chemical second messengers which are required for entry into the growth

cycle from the resting state and, secondly, by promoting cytoskeletal alterations that a
necessary for large-scale changes of cell shape and hence, for entry into S phase. ECM
and transmembrane integrin receptors may provide a molecular mechanism for
transduction of mechanical forces into a biochemical response within the cell.

Brooks et al. (1994) reported that the integrin avj33 is highly upregulated in angiogeni
blood vessels. This finding is of importance since Ruoslahti and Reed (1994) discussed
the phenomenon of apoptosis as it being an important homeostatic mechanism that
maintains correct cell numbers in the body by balancing cell production with cell death.

Increased apoptosis leads to organ involution that is sometimes physiological. They also
ascribed the Greek word "anoikis" (meaning homelessness) to the finding that once a

differentiated epithelial cell loses contact with its underlying matrix, it dies. However
Ruoslahti and Engvall (1997) found that when engaged in angiogenesis in vivo, EC
seem to be protected against apoptosis by the otvp3 integrin.
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Furthermore, a recent in vitro study by Nor et al. (1999), which examined expression of
the anti-apoptotic protein Bcl-2, suggested that the angiogenic activity attributed to
VEGF may be due in part to its ability to enhance EC survival by inducing expression of
Bcl-2.

4. Future vessel pathway plotted by pericytes and EC migration along scaffolding
provided by pericytes

The observation in this thesis that Pc form an invasive pathway for the ensuing EC
(Figure 5.37) is supported by Nehls et al. (1992) who reported that at many sites Pc
were seen to bridge the gap between the leading edges of opposing endothelial sprouts,
which were apparently preparing to merge. His led them to conclude that pericytic
processes may serve as guiding structures aiding outgrowth of EC. In addition, Bertossi
et al (1995) describe how, in the intermediate phase ofthe tectum angiogenesis (ie.
when a vivacious vessel proliferation gives rise to networks), irregularly-surfaced Pc,
establish complex relations with the EC on one front while invading the surrounding

substratum on the other. This is also in agreement with a recent study by Amselgruber et
al. (1999) who, using a bovine CL model of in vivo angiogenesis, reported that Pc were
seen at the advancing front of the invading vascular sprouts and also proposed that Pc
may serve as guiding structures for EC.

The invasion of the developing CL by Pc facilitates EC entry along the tracts provided
by the Pc as demonstrated in (Figures 5.34 and 5.37) due to the "complex relations"
between the EC and their surrounding environment (Bertossi et al, 1995). Further
support for the findings in this thesis is provided by the work of Courtoy and Boyles
(1983), who reported that Pc produced the basement membrane component fibronectin,
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that provided a mechanical linkage with E C . This work is elaborated upon by Nicosia et
al. (1993), who suggested that fibronectin may function as an adhesive scaffold for the
migration of EC in the continuously changing extracellular matrix of developing
micro vessels. Their study demonstrated that fibronectin promoted angiogenesis by
stimulating the elongation of newly formed microvessels and this phenomenon was the
result of an enhanced migratory recruitment of EC into the vascular outgrowths. This
finding is consistent with the report by Sholley et al. (1984), who showed that
microvessels can form and elongate in response to inflammatory stimuli without EC
division occurring.

This thesis also reports for the first time that Pc contribute to formation of the vessel
wall (Figure 5.35). Further support for this finding is found in a study by Hammersen et
al. (1985) who, using an in vivo model to study tumour-induced angiogenesis, reported

that non-endothelial cells facilitate angiogenesis in two different ways. Firstly, they ma

be incorporated into capillary sprouts thereby accelerating the growth rate of the sprouts
without involving EC proliferation. Secondly, extravascular cells (derived from the
tumour and mesenchymal elements) become integrated into the linings of comparatively

large blood-perfused vessels. Both of these adaptations facilitate the rapid establishment
of the microvascular bed in response to the demands of the growing tumour. Similar
findings were reported in a recent paper by Maniotis et al. (1999) who coined the term
"vasculogenic mimicry" to describe this phenomenon. While these findings relate to
tumour-induced angiogenesis, based on the findings of this thesis, they may also be
indicative of the interactions found in the complex milieu accompanying physiologic
angiogenesis.
The absence of mitotic activity within the developing CL seen in Day 2 (Figure 5.42)
can be interpreted as a structuring phase in which the migrating cells are beginning to
organise themselves into definite vessel tracts. It is during this structuring phase that
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are found to contribute to the vessel wall as seen in Figure 5.35. Furthermore, this

functional adaptation of Pc would expedite entry of progesterone into the bloodstream,
vitally important step in ensuring survival ofthe fertilised ovum.

5. Intimate contact of pericytes/EC with production of common BM leads to
cessation of vascular development

Vessel growth reaches a critical point (Day 3) where formation of a substantial vessel

requires recruitment of more cells and these are provided by further division of EC an
Pc which have already migrated into the CL. It is most likely that, as EC lining the
vessel lumen proliferate, the EC displace Pc ablumenally to present the histological
features which are normally encountered in the vasculature.

These findings are in agreement with an autoradiographic study by Meyer and
McGeachie (1988) of angiogenesis in the developing corpus luteum of pregnant rats.
Their results showed that 36.1 +/- 5.7% of EC of invading capillary sprouts divide
within 12 hr of ovulation while at 24 hr, 29.0 +/- 2.8% are dividing. They found that
36 hours the number of EC dividing had dropped to only 9.3 +/- 1.6%. However, they
also reported a further peak in EC replication of 31.2 +/-5.4% early on the 3rd day of

gestation which corresponded to the very extensive anastomoses within the capillary be
established between this time and late on the 4 day.

Transforming growth factor-beta 1 (TGF-pi) is produced by Pc (Dore-Duffy et al,

1996) and also luteal steroidogenic cells and is associated with increases in producti

of cell-associated plasminogen activator inhibitor (PAI-1) with a resultant inhibition
ECM proteolysis. TGF-pi expression is also associated with increases in ECM and
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integrin synthesis and alters the proteolytic E C phenotype to a differentiated, secretory
phenotype (Petzelbauer et al, 1996).

Adams and Watt (1993) stated that "signalling via integrins is bidirectional....
commitment to terminal differentiation results in functional downregulation of asfii
(inside-out signalling) but one stimulus for terminal differentiation is lack of occupancy
of as/31 by fibronectin (outside-in signalling)". This means that, in the immature ECM
being synthesised by the newly developed capillaries, the integrin binding sites for
fibronectin are not saturated and this sends a message through the cellular cytoskeleton
to the nucleus resulting in differentiation ofthe cell to a secretory phenotype.

Nguyen et al. (1993) reported that "Of the selectins, both P- and E-selectin are
upregulated following stimulation by TNFa and Interleukin f31. E-selectin being
implicated in capillary tube formation. "

Once cell to cell contact occurs between Pc and EC, and EC and EC, cadherins begin to
cluster and connect through their cytoplasmic domains and associated proteins
(catenins) with the cytoskeleton. Within 20 seconds of cell to cell contact, discrete cellcell adhesion junctions, characterised by cytoplasmic plaques and associated
cytoskeletal fibres, are evident (Heaysman and Pegrum, 1973). Thus, there is a rapid
connection developed between EC and Pc that signals the end of angiogenesis.

Maturation ofthe vessel also involves cell-cohesive events such as cell-cell contacts and
cell-ECM interactions that eventually lead to capillary lumen formation. These receptorligand interactions may " lead to a cascade of biochemical signals ultimately resulting
in differentiation of pre-capillary sprouts into mature vessels" (Brooks, 1996).
Furthermore, Bertossi et al. (1995) concluded that Pc only play an inhibitory role on EC
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proliferation w h e n they are closely adherent to the endothelium and both cells are
encompassed by the basement lamina.

6. Vessel regression/remodelling

There is little evidence of apoptotic activity in day 10, 16, 20 and 22 CL. The few cel

demonstrating apoptosis are luteal steroidogenic cells. This finding is supported by t
morphometric analysis presented earlier in this thesis which demonstrates that EC are
actually increasing in number up until day 22 of pregnancy (Figure 5.8).

However, apoptosis can be demonstrated in degenerating CL from previous cycles as

seen in Figure 5.75. This is in agreement with a previous study by Modlich et al. (1996
which reported that luteal cells were the primary TUNEL-positive cell type. TUNEL-

positive EC were detected with very low frequency that did not reflect the dramatic los
of capillaries present in the regressing CL (approximately 1 in 100 apoptotic cells. A
more recent study by Bowen and Keyes (2000), suggests that in order to induce full

luteal regression, there needs to be a continued exposure to prolactin over several cy
This would explain why only the CL found in day 2 of pregnancy would exhibit any
degree of apoptosis, since these CL would have been exposed to the cumulative effects
of prolactin. Once pregnancy occurs, the majority of developing CL would be rescued

from the apoptotic effects of prolactin, hence the absence of any appreciable apoptotic
events during the remainder ofthe gestation period that was examined in this thesis.
The double-labelling results in this thesis (Figures 5.47, 5.48, 5.49 and 5.50) also

demonstrated that, as the CL matures and defined vessels develop, there is a loss of fr
EC and Pc within the CL. This may be interpreted in two ways. Firstly, all the free

vascular cells have been incorporated into the newly developed vasculature or, secondl
once defined vessels develop any free vascular cells present die and are removed. In
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Augustin et al (1995), the regression of blood vessels was examined in bovine cyclic
CL. They reported that regression in the cyclic CL involves the progressive rounding
and condensation of EC in small vessels and can be seen soon after luteolysis. The

authors concluded that physiological vessel regression did not involve apoptosis but tha
it was accomplished by EC detaching from the underlying basement membrane and thus
removed via the bloodstream.

Wang et al. (2000), also examined apoptosis during the cyclical changes in rat ovaries
and reported that apoptosis did not occur during the luteal phase, but only during CL
regression. In addition, Meeson et al (1996), suggested that VEGF might prevent vessel
withdrawal in order to maintain adequate plasma perfusion during capillary regression,
thus minimising secondary EC apoptosis. Furthermore, in vitro studies by Nehls et al.
(1998), have shown that EC of retracting vascular sprouts withdraw, often migrate along
capillary-like structures, and are redeployed in new and existing vessels. Such a
phenomenon has been reported during vessel regression in the developing limb by
Latkeretal. (1986).

Obviously there must be a mechanism/s in place in the CL of pregnancy that prevents
vessel regression occurring. One such possibility is the expression of inhibitor of

apoptosis proteins (LAP) by the luteal cells of the CL and the granulosa cells of follic
(Li et al, 1998). Another possible mechanism is the production of placental derived

factors which have been shown to inhibit apoptosis in rabbit luteal cells (Dharmarajan e
al, 2001). Recently, much interest has been shown in the adipocyte-secreted protein,

leptin. As leptin is secreted into the plasma, it is thought that EC could be exposed to
much higher concentrations of this protein than other cell types. Leptin has been shown
to stimulate EC growth and also increase EC viability (Bouloumie et al, 1998). It has
been shown that leptin can be produced by the human placenta (Masuzaki et al, 1997)
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and, if such a mechanism exists in the rat, it could also explain the maintenance of E C
viability (ie. lack of apoptosis) during the latter stages of pregnancy.

The findings of this thesis in regards to the temporal and spatial involvement of Pc
EC are in contrast to that of many researchers (Folkman and Haudenschild, 1980;
D'Amore and Thompson, 1987; Paweletz and Knierim, 1989) who suggested that
pericytes were involved only at the end ofthe angiogenic process. This view is also
promoted by Blood and Zetter (1990) who suggested that the beginning ofthe mature
(quiescent stage) of capillary function follows the formation of a basement membrane
and investment of capillaries with Pc. These phenomena represent the end ofthe
proliferative stage of angiogenesis.

Ausprunk and Folkman (1977) described how nascent capillaries are characterised by
active EC proliferation and migration, and the absence of Pc, whereas there is a
reduction in EC proliferation and migration following the appearance of Pc. However,
the studies quoted above deal with tumour angiogenesis which may well be very
different from what occurs in the CL. In addition, Orlidge and D'Amore (1987), in a

much cited paper discussing the inhibition of EC by pericytes and SMC, used bovine EC

from adrenal cortical capillaries, Pc from bovine retinas, and SMC from bovine aortae
In their experiment, they co-cultured EC with Pc that had been growth-arrested. This
was done by incubating the Pc with mitomycin C which rendered them incapable of cell

division. In the study using EC in co-culture without cell contact, they also used gr
arrested cells. They reported that: "When contact or proximity between EC and the
modulating cell type was prevented, no inhibition of EC growth was observed". They
also found that "when ECs were co-cultured with pericytes at a 20:1 ratio, the

inhibition of EC growth was similar to other ratios at d 3 (29%) but steadily dimini
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over the remainder ofthe time course", ie., at lower ratios, there is inhibition of E C
growth.

With regard to all the studies with conflicting findings to this thesis there are several
important differences in the studies cited which need to be highlighted, such as:
1) the studies deal with an in vitro setting;
2) growth-arrested cells have been used; and
3) tumour angiogenesis has been investigated (ie. pathological angiogenesis as opposed
to physiological angiogenesis).

As has been presented in the Literature Review, there are a vast number of interacting
factors that influence the composition of an in vivo environment and these factors
cannot be replicated by an in vitro scenario. The use of growth-arrested cells diminishes
the number of complex alterations and responses of the cell cytoskeletal architecture
and, hence, its interactions with other cells and its ECM (Ingber, 1991 and 1997).
Furthermore, Konerding et al. (1992) demonstrated that angiogenic vessels produced as
a result of tumour stimulation exhibit a different architecture (leaky vessels, lack of
architectural hierarchy, many dead-ends, areas of stagnation) to that produced in
response to physiologic demands. Another significant finding in tumour vessels is that
only 25-38% of vessels have a ct-SMA-positive periendothelial cell covering and are
considered to be "immature" vessels (Benjamin et al, 1999). Rather than being
"immature" vessels, such vessels may be the consequence of tumours secreting a

factor/s that inhibit the regulatory role provided by Pc during physiologic angiogenesis.
Such a lack of angiogenic control is also evidenced in pathologic states such as diabetic
retinopathy (Davis, 1988) and rheumatoid arthritis (Koch et al, 1986), which also
exhibit loss of Pc.
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A n in vivo study by Tsukada et al. (1996) investigating angiogenesis in the C L of rats
during a 4 day oestrous cycle reported that, 28 hours following ovulation,
immunoreactivity for ct-SMA in the newly developed capillaries was negative and no
Pc were seen around the newly formed immature capillaries. However, the presence of
"immature pericytes" around developed capillaries was confirmed morphologically
using electron microscopy. However, it has been previously demonstrated that, during
angiogenesis, sprouting Pc resemble EC (Schor et al, 1992). In addition, Tsukada and
co-workers report that 10 hours postovulation, radial linear structures with positive
PAM staining grew among the luteinizing granulosa layer. At 16 hours postovulation
the PAM-positive linear structure (which represented the endothelial BM), had already

reached the remnant antral space and formed an apparent capillary lumen around half of
the diameter ofthe CL and had formed anastomoses.

This research group's findings are at odds with those reported in this thesis. Tsukad
al. employed Factor VIII and thrombomodulin (an anticoagulant molecule produced by
EC and purported to be a marker for endothelium by Horvat and Palade, 1993) as

markers for EC. However they found difficulties with these and stated "We believe that
the negative immunostaining result for TM and Factor VIII is due to the immaturity of

the endothelial cells in the CL, although basically the developing vessels in the cor
luteum resemble the capillaries in developing granulation tissue. "

However, their rationale for excluding Pc in the angiogenic process is flawed as they
base their description of invading sprouts on the PAM staining of basement membrane.
PAM staining is described as "sections ...of 2p. thickness were stained with acid
methenamine silver with counters taining of HE (PAM) ...PAM staining shows nonspecific positive staining for polysaccharides and collagen fibers. In order to
distinguish these elements, we performed immunohistochemical staining for type IV
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collagen and laminin, which are the main components ofthe BM. The
immunohistochemical staining patterns of type IV collagen and laminin corresponded
with the pattern of PAM staining, demonstrating the entrance of capillaries into the CL.
From these findings, the PAM-positive elements in the CL were confirmed as
endothelial BM. " This argument fails to recognise the fact that EC and Pc share the
same basement membrane and also that Pc can synthesise both type IV collagen and
laminin (Schor et al, 1991). In addition, the "radial linear" ingrowths described at 10
and 16 hours postovulation represent not only EC but also the preceding Pc front shown
in Figure 5.37.

In summary, this study has related quantitative morphological adaptations (during the
angiogenic process) to the morphological maturation ofthe steroid-secreting luteal cells.
This study provides the first quantitative account of the concomitant development of a
steroid-secreting tissue and its vasculature.

Furthermore, the sinusoidal vasculature which is established during the angiogenic
process may be specific to the CL because such an arrangement of a meshwork of
vessels would ensure that each luteal cell is in close proximity to a patent blood supply,

thus enabling a rapid dispersal of progesterone into the blood stream. This is essential i
the CL is to sustain (maintain) survival of the fertilised ovum through its production of
progesterone.

This study has shown that, as a consequence of this necessity for the rapid establishment
of a vascular pathway for the transport of hormones, angiogenesis is expedited by using
Pc to help establish the blood channels. Furthermore, Pc are the first cells to become
active during physiologic angiogenesis and lay down a structural framework along
which EC can migrate eventually to create the cellular hierarchy normally encountered
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in vessels. This thesis has provided important n e w evidence for specific cellular events
during angiogenesis in vivo, and has contributed extensively further to understanding
this process.
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