Angiopoietin Growth Factors in Models
of Renal Disease

by David Andrew Long

A thesis submitted to the University of London
in fulfilment of the requirement for the degree of
Doctor of Philosophy

October 2002

Nephro-Urology Unit, Institute of Child Health,
University College London

ProQuest Number: U644007

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest.
ProQuest U644007
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.
ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

To my Mum, Dad and Brother

Abstract
Angiopoietin (Ang) growth factors modulate endothelial survival and
morphogenesis, actions depending on an interplay of agonistic (Ang-1) and
antagonistic (Ang-2) angiopoietins with their Tie-2 receptor tyrosine kinase and
vascular endothelial growth factor (VEGF) signalling through VEGF receptor 2.
Emerging data suggests that Angl stabilizes capillaries. In contrast Ang2 disrupts
vessels, facilitating sprouting when ambient VEGF is high but causing regression
when ambient VEGF is low.

My study has determined the expression of the angiopoietin family in a model of
acute nephrotoxicity induced by administration of folic acid. In this model there
was increased endothelial cell turnover in renal peritubular capillaries following
injection of folic acid. This microvascular remodelling was accompanied by de
novo expression of immunoreactive Ang-1 in regenerating distal convoluted
tubules (DCT) and increased Ang-1 on western blot. This suggested a potential
paracrine system between renal tubular epithelia releasing Ang and peritubular
capillaries, which expressed the Tie-2 receptor in folic acid induced
nephrotoxicity.

I hypothesised that cytokines may regulate the expression o f Ang in renal epithelia
in folic acid induced nephrotoxicity. Immunostaining for macrophages,
neutrophils and T-lymphocytes showed a modest increase in these cell populations
in the first few days after folic acid injection. In addition, immunoreactive TNF-a
was detected in the vicinity o f a subset of cortical tubules, most likely DCT, from
the first few days after induction of nephrotoxicity

Finally, immortalised murine DCT cells were investigated. Conditioned media
from DCT cells stimulated with TNF-a reduced Tie-2 phosphorylation when
added to endothelial cells versus conditioned media from DCT cells with no added
TNF-a. As TNF-a also decreased VEGF immunoreactivity in medium
conditioned by these renal epithelia, I propose that this cytokine, which is
upregulated in several experimental models of renal injury, may encourage an

anti-angiogenic milieu with decreased capillary stability and microvascular
regression. Hence, these in-vitro and in-vivo experiments add to the current
evidence about the role of the angiopoietins in models of renal disease and also
the mechanisms by which these effects are achieved.
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Introduction
Aim of this Thesis
Angiopoietin (Ang) growth factors modulate endothelial survival and
morphogenesis, actions depending on an interplay of agonistic (Ang-1) and
antagonistic (Ang-2) angiopoietins with their Tie-2 receptor tyrosine kinase and
vascular endothelial growth factor (VEGF) signalling through VEGF receptor 2.
There is recent evidence to suggest that growth factors released from epithelial
and endothelial cells enhance recovery in models of renal disease.

The aim of this thesis is to investigate the expression of the angiopoietin family in
a model of folic acid induced nephrotoxicity. Firstly, I will describe in detail the
current understanding o f the angiopoietin family and the potential role of these
molecules in models of renal disease. I will then outline the experiments
performed in this thesis to investigate the expression of the angiopoietin family in
a model of folic acid induced nephrotoxicity. Finally, I will describe and discuss
the data obtained from these experiments, alongside any further work that could
be performed to enhance the understanding of the role of the angiopoietin family
in folic acid induced nephrotoxicity.

Hypotheses
The research undertaken in this thesis will aim to answer a number of hypotheses,
as described below.

1) In a model o f folic acid induced nephrotoxicity there is endothelial cell
turnover.

2) Changes in the expression of the angiopoietin and VEGF family occur in the
folic acid induced nephrotoxicity.
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3) In folic acid induced nephrotoxicity there is an inflammatory response,
mediated by macrophages, neutrophils and lymphocytes, associated with
expression of pro-inflammatory cytokines.

4) The pro-inflammatory cytokine, tumour necrosis factor-a contributes to the
regulation of the angiopoietin and VEGF expression by renal tubule epithelia.
Overview
In my thesis I use in-vivo and in-vitro experiments to test these hypotheses.
Firstly, the extent of endothelial proliferation is defined in a model of folic acid
induced nephrotoxicity. Secondly, the expression patterns of the angiopoietin
family, molecules that play a role in endothelial cell survival and migration is
determined in folic acid nephrotoxicity. This is the first description of both
endothelial proliferation and angiopoietin expression in folic acid induced
nephrotoxicity. Finally, the regulation of the angiopoietin family is investigated by
using mouse cell lines in-vitro with particular reference to the relationship
between the pro-inflammatory cytokine, tumour necrosis factor-a and the
angiopoietin family.
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Chapter 1: The anatomy of renal blood vessels
In this chapter o f my thesis the anatomy of renal blood vessels is briefly
introduced. The general characteristics of blood vessels are described followed by
the specialised capillary circulations that are found in the kidney. These capillary
circulations are investigated in the folic acid model of nephrotoxicity in this
thesis.

General Characteristics
The cardiovascular system of an organism mediates the continuous movement of
fluid (blood) propelled by a pump (the heart) in a closed circuit through elastic
tubes (vessels). This continual circulation of fluid serves, most importantly, as a
means of delivery and removal of substances; it provides all the living cells of the
organism with the materials required for their normal functions, for example
oxygen and nutrients, and it carries away the products o f cell metabolism (carbon
dioxide and other metabolites). These substances do not enter and leave the blood
stream directly, but through the interstitial fluid. This fluid is collected and
transported by the lymph vascular system (Witzleb, 1989).

There are four main types of vessels in mammals - arteries, veins, capillaries and
lymphatatics (Tisher and Madsen, 1991). The structures of the first three of these
subgroups of vessels are shown in Figure 1.1. All of these vessels consist of a
basic three-layered structure. Each vessel has a inner lining called the tunica
intima comprising a single layer of extremely flattened epithelial-like cells called
endothelia which are supported by a basement membrane, and collagenous tissue.
Outside the endothelia there is an intermediate muscular layer called the tunica
media and finally an outer supporting tissue layer called the tunica adventita
(Burkitt et al, 1993).

The function of the arterial system is to distribute blood from the heart to capillary
beds in the organism. The walls of the arterial vessels conform to the general
three-layered structure of the circulatory system but are characterised by the
presence of considerable elastin and the smooth muscle wall is thick relative to the
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collagen fibres

M

i1■
□w

A rtery

tunica in tim a o f
endothelium

lum en

tunica m edia of
sm ooth m uscle and
elastic fibres

C ap illary

endothelial cell

w id er lum en
Vein

thin tunica m edia
w ith few elastic
fibres
F igure 1.1: C o m p ariso n of th e stru c tu re o f a rte rie s, capillaries and veins

Arteries transport blood from the heart and have a thick tunica media composed
o f elastic, muscular tissue, while veins transport blood towards the heart and
have few elastic fibres. Capillaries provide the link between arteries and veins.
They have no elastic fibres and are composed o f endothelial cells.
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diameter o f the lumen. The venous system functions as low-resistant vessels
through which blood returns from the capillary network to the heart. The structure
of the venous system contains less elastic and muscle components (Burkitt et al,
1993).

Capillaries are microscopic channels and are the part of the circulation system
concerned with the exchange of gases, fluids, nutrients and metabolic waste
products between the tissues and the blood. The capillaries are extremely thinwalled vessels forming an interconnected network (Burkitt et al, 1993).

The Blood Vessels of the Kidney
In the following section the blood vessels of the kidney are described. The main
model used in my experiments in the thesis is folic acid induced nephrotoxicity in
mice. Therefore, the anatomy of the mouse kidney will be the main focus of this
section.

The kidney is a highly vascular organ. In adult mammals, 20% of the cardiac
output flows through the kidney (Dworkin and Brenner, 1991). The rate of blood
flow through the kidney is much greater than that observed in other vascular beds
considered to be well perfused, such as the heart, liver and brain (Dworkin and
Brenner, 1991). The majority of this flow is targeted via a branching arterial
system to glomeruli located in the renal cortex (Dworkin and Brenner, 1991).

The mouse kidney is unipapillar and consists of two main sections known as the
medulla and the cortex. The medulla consists of the pyramids of the kidney. The
basal surface of the pyramids face outward and their rounded tips point towards
the hilum of the kidney. The pyramids of the medulla are surrounded on their
basal surface and sides by the kidney cortex. The outer two thirds of the medulla
from the base towards the apex, constitute the outer medulla, while the inner one
third, at the tip o f the pyramid is the inner medulla. The outer medulla is
subdivided further. Immediately adjacent to the cortex is a thin zone, the outer
strip of the outer medulla. The rest o f the outer medulla is known as the inner strip
(Burkitt et al, 1993).
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The renal arteries arise perpendicularly from the aorta and show a characteristic
pattern of branching just before they enter the hilum of the kidney. The anterior
main branch divides into the segmental arteries and then into the interlobar
arteries deep within the organ. At the junction of the renal medulla and cortex the
interlobar arteries branch into arcuate arteries, which extend towards the kidney
surface. Afferent arterioles leading to glomeruli arise from the smaller branches of
interlobular arteries (Tisher and Madsen, 1991).

Renal veins accompany the larger arteries in the kidneys. Superficial veins drain
the region near the kidney surface in the cortex. The bulk of the cortex is drained
via the interlobular veins that are situated close to their corresponding arteries.
These vessels converge and are joined by vessels from the medulla. This is turn
gives rise to several main trunks that join together to form the renal vein. (Tisher
and Madsen, 1991)

There are three specialised renal capillary microcirculations which will be
discussed in turn later in this section: a) the glomerular capillary loops, b) the
cortical capillary labyrinth surrounding proximal tubules and c) the vasa rectae
located in the medulla o f the organ. Finally, the lymphatic channels of the kidney
act as a draining system for returning excess extravascular fluid to the blood
vascular system. (Risdon and Woolf, 1998)

The Nephron
The functional unit of the mammalian kidney is called the nephron. A schematic
view of the nephron structure is shown in Figure 1.2 with the corresponding areas
of the vasculature. There are two main components of the nephron, the glomerulus
and the renal tubule. Both of these are supplied by an extensive microcirculation
and will now be considered in turn.
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Figure 1.2: The structure of the nephron and corresponding blood vessels

The functional unit o f the mammalian kidney is called the nephron. The left hand
side o f this diagram shows a schematic view o f the nephron structure. There are
two main components o f the nephron, the glomerulus and the renal tubule. The
tubule has four distinct physiological zones, each o f which has a different role in
tubular function. These zones are known as the proximal tubule (pt), distal
convoluted tubule (dct), loop o f Henle (loh) and collecting duct (cd). The right
hand side shows the microcirculation o f the kidney. There are three main
capillary circulations marked in the diagram, all o f which were investigated in
this thesis: 1) the glomerular capillary loops, 2) the cortical capillary labyrinth
surrounding proximal tubules and 3) the vasa rectae located in the medulla o f the
organ, (modifiedfrom Dworkin and Brenner (1991) The renal circulation. In:
Brenner and Rector (eds) The Kidney, pp. 164-204, WB Saunders Company,
Philadelphia, USA).
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The Glomerulus
The glomerulus (Figure 1.3) is a globular network of densely packed capillaries
surrounded by a Bowman’s capsule consisting of a single layer of flattened cells
resting on a basement membrane that forms the blunt end of the renal tubule. The
glomerulus is responsible for the filtration of plasma in the kidney.

In the glomeruli, blood passes through capillaries at high pressure. The majority of
the water and small molecular weight constituents of plasma are filtered from the
glomerular capillaries, via the silt diaphragm of glomerular podocytes into
Bowman’s space. This glomerular filtrate then passes into the renal tubule and is
the first step in urine formation. Endothelial cells in the glomerular capillaries are
fenestrated which allow the transfer of water and solutes. They are supported by
mesangial cells, a specialised form of pericyte or smooth muscle cells (Dubey et
al, 1997).

The blood supply to the glomerulus is from the afferent arterioles from which the
capillary tufts of the glomeruli arise. These drain into the efferent arteriole, which
open into the peritubular capillary network surrounding the convoluted tubules in
the cortex.

The end of the ascending loop of Henle makes direct contact with the vessels at
the pole o f the same nephron (Figure 1.3). At this contact site, the macula densa,
there are abundant granules containing the enzyme renin (Reddi et al, 1998).
Renin is a peptidase that splits angiotensinogen, a plasma protein formed in the
liver, to produce the decapeptide angiotensin I. From this another peptidase, called
converting enzyme, produces the octapeptide, angiotensin II. The later is the
signal substance that causes the adrenal cortex to produce and release aldosterone,
but it could also participate in regulating the tone of the renal arterioles as it has a
strong vasoconstrictor action (Deetjen, 1989).
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The renal corpuscle is responsible fo r the filtration o f plasma and is a combination
o f two structures, the Bowm an’s capsule and the glomerulus. The glomerulus
contains a vast capillary network and is supplied by the afferent arteriole. The
blood is then drained via the ejferent arteriole. The juxtamedullary apparatus
separates the efferent and afferent arterioles (adapted from Wheater ’s Functional
Histology, 3''^ Edition, pp. 298).
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The Blood Supply o f the Tubules
The renal tubule extends from Bowman’s capsule to its junction with a collecting
duct. The primary function of the renal tubule is the selective reabsorption of
water, inorganic ions and other molecules from the glomerular filtrate. The renal
tubule has a convoluted shape and is lined by a single layer of epithelial cells and
has four distinct physiological zones, each of which has a different role in tubular
function. These zones are known as the proximal convoluted tubule, loop of
Henle, distal convoluted tubule and collecting tubule as seen in Figure 1.2. A
considerable network of blood vessels that are involved in the reabsoption process
supplies each of these areas of the nephron (Burkitt et al, 1993).

The proximal convoluted tubule (PCT) is the longest most convoluted section of
the tubule and is responsible for the reabsorption of approximately 75% of the
ions and water o f the glomerulus filtrate. It is also the chief site of secretion of
hydrogen and ammonium ions, and it alone is the only part of the nephron capable
of secreting weak organic acids and bases. PCTs are confined to the renal cortex.
Blood draining from the efferent arterioles of the outermost region of the cortex
from the superficial glomeruli gives rise to a dense cortical capillary
microcirculation that surround the proximal convoluted tubule segments. The
arterioles in this area tend to have a small diameter and are surrounded by one
layer of smooth muscle cells. Each arteriole supplies a small portion of the tubules
in the cortex, as the capillary network from each efferent arteriole tends to be
limited. The capillaries form a fenestrated network around the proximal tubules.
These vessels receive water and solutes, which have been reclaimed from the
glomerular filtrate by the proximal tubules (Dworkin and Brenner, 1991).

The loop o f Henle arises from the PCT as a straight thin-walled tubule, which
descends from the cortex into the medulla as the thin descending limb. Here it
loops closely back upon itself as the thin ascending limb, abruptly becoming
thicker-walled (the thick ascending limb) as it returns to the renal cortex. Blood
that drains from the deeper juxtamedullary glomeruli leaves via efferent arterioles
and enters the capillary network known as the descending vasa rectae. The
efferent arterioles from the deeper juxtamedullary glomeruli tend to be thicker in
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diameter and are surrounded by more layers of smooth muscle cells when
compared to the outer superficial glomerular efferent arterioles (Dworkin and
Brenner, 1991).

The descending vasa rectae form the vascular bundles that supply the inner stripe
of the outer zone and the inner medulla (Dworkin and Brenner, 1991). The
vascular bundles o f the vasa rectae are found in close association with the limbs of
the loop of Henle. The capillaries of the vasa rectae have some arteriole-like
features since their proximal sections are surrounded by pericytes, which are
modified smooth muscle cells (Park et al, 1997). At the deepest point in the
medulla, the descending vasa rectae feed into ascending vasa rectae: these are true
capillaries with fenestrated walls. These run parallel to the descending vasa rectae
and are more frequent in number. The ascending vasa rectae then converge to
form the venous vasa rectae to drain the blood from the medullary area (Woolf
and Yuan, 2003).

As the arterial and venous vasa recta are parallel to each other, and the blood
within them flows in opposite directions over the entire contact distance the blood
flow itself creates a horizontal concentration gradient for all diffusible substances.
The vasa rectae is also highly permeable to sodium chloride, urea and water,
which are pumped out of the thick ascending limb into the vasa rectae. This
allows the concentration of urea to increase as it rises progressively up the
ascending limb of the loop of Henle (Deetjen, 1989).

The distal convoluted tubule (DCT) is a continuation of the thick limb of the loop
of Henle after it’s return from the medulla. Shorter and less convoluted than the
PCT, the DCT is responsible for the reabsorption of sodium ions. The DCT moves
sodium ions out of the lumen of the tubules through an amloride sensitive sodium
channel. The blood supply to these tubules is similar in structure as for the
proximal tubule structure (Deetjen, 1989).

The collecting tubule is the terminal portion of the nephron converging to form a
collecting duct. The collecting ducts descend through the cortex in parallel
bundles called medullary ducts and merge and open to discharge urine. The
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collecting ducts and tubules also control sodium concentrations in the tubule. If
the kidney loses too much sodium, aldosterone is produced from the adrenal
cortex, which enhances sodium absorption in the distal nephron (Deetjen, 1989).

In summary, the kidney is a vascular structure, which requires blood vessels not
only to provide nutrients, but also to maintain the function of producing urine. To
perform this role, the kidney has several specialized microcirculations surrounding
the glomerulus and tubules that are involved in filtration, reabsorption of solutes
and urine concentration.
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Chapter 2: Vascular Growth Factors
The formation of a functioning vascular network is very complex and requires a
degree o f co-ordination between different cell types. One of the most important
families o f molecules involved in this process are growth factors. Growth factors
are polypeptides that play critical roles in controlling animal cell proliferation
during development and in adult organisms.

There has been recent interest in several growth factors that are involved in
vascular network formation and also bind to endothelial-specific receptor tyrosine
kinases (RTK). All receptor tyrosine kinases contain an extracellular ligand
binding domain that is usually glycosylated. The ligand binding domain is
connected to the cytoplasmic domain by a single transmembrane helix. The
cytoplasmic domain contains a conserved protein tyrosine kinase (PTK) and
additional regulatory sequences that are subjected to phosphorylation
(Schlessinger, 2000).

The first step in signalling by receptor protein-tyrosine kinases is ligand-induced
receptor dimérisation. This leads to autophosphorylation of the receptor as the
dimerised polypeptide chains cross-phosphorylate one another. The receptors then
catalyse the transfer of the y phosphate of adenoine triphosphate (ATP) to
hydroxyl groups of tyrosines on target proteins.

Three families o f receptor tyrosine kinases are involved in blood vessel
development; the Tie receptor family, vascular endothelial growth factor (VEGF)
and its receptor and the Eph/ephrin system (Gale and Yancopoulos, 1999).

The focus of this study is on the role of the Tie family of growth factor ligands
and receptors in a model of acute renal failure. This chapter will focus on the
molecular biology of the Tie family. In the subsequent chapter the role of the Tie
family in vascular development and other pathological and physiological
situations will be discussed. The VEGF family also plays a role in the biological
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effects of the Tie family and these molecules will also be considered in the
following chapters.

The Tie Receptor Kinase Family

The Tie Receptors
In 1992, Dumont and colleagues isolated two tyrosine kinase receptors from
endothelial cells. They are termed tyrosine kinase containing immunoglobulin like
loops and epidermal growth factor similar domains (Tie) receptors (Dumont et al,
1992). There are two known Tie receptors, termed Tie-1 and Tie-2. The receptors
have an unique extracellular domains, consisting of two immunoglobulin-like
loops, which flank three epidermal growth factor repeats, followed by three
fibronectin-type III repeats. The cytoplasmic region of the molecules contains
several conserved tyrosine kinase domains, interrupted by a short kinase insert
(Schnurch and Risau, 1993). The structure of the receptors is shown in Figure 2.1.

Gene targeting experiments in mice show that Tie-1 and Tie-2 are indispensable
for normal embryonic blood-vessel development (Dumont et al, 1994; Sato et al,
1995). Tie-1 mutants die by embryonic day 13.5 (E l3.5) with defective vascular
integrity, oedema and haemorrhage. Tie-2 null mutants die earlier at embryonic
day 9.5 (E9.5) with decreased vascular sprouting, simplified branching, decreased
endothelial cell survival and a lack of peri-endothelial cell recruitment.

Virtually all endothelial cells express Tie-1 and Tie-2 through embryonic
development. Tie-2 expression is detected in endothelial cells from embryonic day
7.5 (E7.5) in the mouse, while Tie-1 is expressed at E8.0. Both receptors then
continue to be detected throughout development in endothelia (Dumont et al,
1995).

Tie-2 protein is seen in adulthood in a range of endothelial cells in various tissues.
The receptor can be autophosphorylated in these areas indicating some
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Figure 2.1: The structure of the Tie receptor family

The mouse Tie receptor family has two members, Tie-1 and Tie-2 (also called
Tek). Tie-I is an orphan receptor, while four angiopoietin molecules can bind to
the Tie-2 receptor. The extracellular region o f the Tie receptors consists o f one
complete and one incomplete immunoglobulin (Ig)-like domains that are
separated by three epidermal growth factor (EGF)-like cysteine repeats and are
followed by three fibronectin type III domains. In the intracellular region o f the
Tie receptors (seen in red), the tyrosine kinases domains are interrupted by a
small stretch o f amino acids commonly referred to as a kinase insert. The
activation o f the Tie-2 receptor leads to various biological processes, such as the
survival, sprouting, stabilisation and permeability o f endothelial cells, (adapted
from Jones et al, (2001) Tie receptors, new modulators o f angiogenic and
lymphangiogenic responses. Nature Reviews. Molecular Cell Biology 2: 257-267).
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background activity (Wong et al, 1997). Tie-1 mRNA is also detected in
endothelial cells in adulthood (Korhonen et al, 1994) and is upregulated in certain
physiological situations where new blood vessels form such as ovarian follicle
development (Korhonen et al, 1992).

The Angiopoietins - Ligandsfo r the Tie-2 Receptor

Davis et al (1996) attempted to identify the ligands for the Tie receptors using a
secretion-trap expression cloning method. Angiopoietin-1 (Ang-1) binds to the
Tie-2 receptor and causes tyrosine phosphorylation (Davis et al, 1996). However,
unlike other growth factors, such as VEGF, Ang-1 fails to induce endothelial cell
sprouting in in-vitro studies (Davis et al, 1996), unless applied in synergy with
VEGF (Asahara et al, 1998).

Homology screening identified the closely related angiopoietin-2 (Ang-2) protein
(Maisonpierre et al, 1997). Ang-1 and Ang-2 show 60% amino acid homology and
bind with similar affinity to the endothelial cell tyrosine kinase receptor, Tie-2.
Ang-2 did not induce phosphorylation and instead blocks Ang-1 mediated Tie-2
phosphorylation (Maisonpierre et al, 1997). The angiopoietins provide the first
known vertebrate example of a growth factor family that consists of both receptor
activators and blockers suggesting that turning off the Tie-2 receptor may be as
important as switching it on (Maisonpierre et al, 1997). More recent evidence has
suggested that a high concentration o f Ang-2 can induce Tie-2 phosphorylation
indicating a similar effect on endothelial cells as Ang-1 in these conditions (Kim
et al,

2 0 0 0 a).

There are two further members of this family currently identified using homology
based screening. Angiopoietin-3 (Ang-3) and angiopoietin-4 (Ang-4) represent the
mouse and human counterparts of the same locus and bind to the Tie-2 receptor.
Initial studies indicate that Ang-3 appears to act as an antagonist and Ang-4
functions as an agonist (Valenzuela et al, 1999).

The protein structures o f the angiopoietins are shown in Figure 2.2. The amino
acid sequence starts with a highly hydrophobic region at the NH 2 terminus of 2 0
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amino acids that is typical of a signal sequence for protein secretion. There is then
a coiled-coil domain that allows the formation of dimers and higher-order
multimers. Each angiopoietin ligand also contains a carboxyl terminus and a
fibrinogen-like domain that mediates the phosphorylation of the Tie-2 receptor.
There is a linker region between the coiled-coil and fibrinogen-like domains
(Procopio et al, 1999).

Structural differences between Ang-1 and Ang-2 may determine the different
responses of the two ligands on the Tie-2 receptor. Ang-2 appears to exist
predominately as homodimers, but is capable of forming higher order multimers,
whereas Ang-1 predominately forms higher order multimers with the capability of
forming some trimers (Procopio et al, 1999). Therefore, forming a higher order
molecule may be required to form a complex with the Tie-2 receptor to induce
dimérisation and phosphorylation.

The linker peptide region between the coiled-coil and fibrinogen-like domains are
structurally different for Ang-1 and Ang-2 (Ward and Dumont, 2002). The linker
peptide region of Ang-1, but not Ang-2, weakly binds to the extracellular matrix
(ECM) in an in-vitro model of murine mammary carcinoma cells (Xu and Yu,
2001). Immunocytochemical studies reveal a distinct ECM distribution pattern of
Ang-1 as small granule-like deposits between the mammary carcinoma cells (Xu
and Yu, 2001). This suggests that Ang-1 can be sequestered into the extracellular
matrix via the linker peptide region, and its physiological effects may be limited to
the local environment. In contrast, Ang-2 is able to diffuse out and exert its
influence at a greater distance (Xu and Yu, 2001).
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Alternative Splicing o f the Angiopoietins
Different forms of the angiopoietins are generated by alternative splicing and can
be seen in Figure 2.2. It is important to consider these different isoforms when
assessing western blotting data in the studies performed in this thesis. Different
isoforms may account for different protein sizes encountered when looking at cell
and tissue protein samples.

In megakaryocyte cell lines various isoforms of Ang-1 mRNA are expressed. The
full length version of Ang-1 mRNA is 1.5 kb long and three other forms of 1.3 kb,
0.9 kb and 0.7 kb in length are expressed in these cells. The Ang-1 isoform of 1.3
kb contains the N-terminal coiled-coil region and a truncated fibrinogen-like
domain. In the 0.9 kb isoform most of the coiled-coil domain is deleted while the
0.7 kb form has part of both domains missing (Huang et al, 2000). The translated
proteins o f the 1.5 kb and 0.9 kb nucleotide sequences bind strongly to the Tie-2
receptor, whereas the translated protein of the 1.3 kb nucleotide sequence does
not. The full-length version of Ang-1 is the only form that can induce tyrosine
phosphorylation of Tie-2 in human umbilical vein endothelial cells indicating that
both domains are required for Tie activation (Huang et al, 2000). It is proposed
that the 1.3 kb and 0.9 kb forms of Ang-1 may form heterodimers with full-length
Ang-1 and prevent binding to the Tie-2 receptor (Huang et al, 2000).

Western blot analysis indicates that Ang-1 is detected as a 70 kDa protein, which
is larger than the predicted 498 amino acid sequence. The sequence contains
several glycosylation sites and deglycosylation reduces the molecular weight to
approximately 55 kDa (Davis et al, 1996).
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Figure 2.2: Members of the angiopoietin protein family

There are four known angiopoietin proteins termed Ang 1-4 in mouse and human.
The proteins have a common N-terminal secretion signal (brown) followed by a
coiled-coil domain (blue) and a conservedfibrinogen-like domain (red). The
homology between the specific domainsfo r each molecule versus human Ang-1 is
indicated above. Ang-1 and Ang-2 have alternative form s generated by splicing.
Human Ang-1 has three different spliced isoforms o f mRNA, A ng-l-l.S kb, Ang-10.9 kb and Ang-1-0.7 kb which generate three different protein structures as
shown, while human Ang-2 has one known splice variation, which results in a
protein lacking 52 amino acids from the coiled-coil domain (Ang-2 4 4 3 ) . Mouse
Ang-3 and its human orthologue Ang-4 are also shown (data obtainedfrom Davis
et al, 1996; Maisonpierre et al, 1997; Huang et al, 2000; Kim et al, 2000a;
Valenzuela et al, 1999).
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A novel alternatively spliced form of Ang-2 is expressed in human umbilical vein
endothelial cells (HUVEC) (Kim et al, 2000b). This smaller Ang-2 cDNA
encodes a 443-amino acid polypeptide (Ang-2443), whereas the major Ang-2
cDNA encodes a 496-amino acid polypeptide (Figure 2.2). Ang-2443 binds to the
Tie-2 receptor but does not induce phosphorylation (Kim et al, 2000b). Both
forms can exist as dimeric structures, but western blotting shows that the smaller
form is not detected in cell lysates of endothelial cells, but is secreted into the
media of cultured cells (Kim et al, 2000b). The observed molecules masses of
these bands

(6 8

kDa and 61 kDa for Ang-2 and Ang-2443 respectively) are larger

than predicted, but they can be reduced by deglycosylation (Kim et al, 2000b).

A novel 493 amino acid protein termed angiopoietin-related protein-2 (ARP2) is
expressed in human and mouse adult heart. The structure is similar to the other
angiopoietins and the protein is most abundant in heart, small intestine, spleen and
stomach. Recombinant ARP2 protein induces sprouting in vascular endothelial
cells but does not bind to the Tie-1 or Tie-2 receptor (Kim et al, 1999).

Downstream Targets o f the Ang/Tie Family
Tissue culture experiments involving cell-based bioassays have provided an
insight into the biological roles and mechanisms of Tie-2 activation. The main
conclusions from these experiments are summarised in Figure 2.3. Activation of
the Tie-2 receptor increases endothelial cell survival (Kwak et al, 1999) by the
lipid phosphatidylinositol (PI)-3-kinase pathway. Ang-1, acting through the Tie-2
receptor causes phosphorylation of the p85 subunit of PI-3-kinase that
subsequently leads to the phosphorylation of the serine/threonine kinase, Akt, a
pathway central to anti-apoptosis (Jones et al, 1999; Kim et al, 2000c). Activation
of this pathway increases cell survival and can be abolished by either addition of
Ang-2 or Akt inactivation (Fujikawa et al, 1999; Kim et al, 2000d;
Papapetropoulos et al, 2000). Ang-1 mediated cell survival is also known to be
associated with an upregulation of the inhibitor of apoptosis protein (lAP),
survivin (Papapetropoulos et al, 2000). The activation o f PI-3-kinase and Akt
requires a multisubstrate docking site that is conserved in the Tie-1 receptor
(Huang et al, 1995; Kontos et al, 1998).
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Figure 2.3: Downstream targets and biological actions following Tie-2 activation

Activation o f the Tie-2 receptor increases endothelial cell survival by the
phosphorylation o f the p85 subunit o f Pl-3-kinase that subsequently leads to the
phosphorylation o f the serine/threonine kinase, Akt, a pathway central to antiapoptosis. Activation o f the Tie-2 receptor can stimulate endothelial cell migration
through two pathways, firstly the activation o f focal adhesion kinase and secondly,
by the phosphorylation o f Dok-R (adapted from Jones et al (2001) Tie receptors, new
modulators o f angiogenic and lymphangiogenic responses. Nature Reviews.
Molecular Cell Biology 2: 257-267).
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Angiopoietin-1 also promotes endothelial cell migration in-vitro. In an assay
where a monolayer of endothelial cells are cultured on microcarrier beads and
embedded in three-dimensional fibrin gels, recombinant Ang-1 induces the
formation of capillary sprouts in a dose-dependent manner. This effect is
completely inhibited by addition of soluble Tie-2 receptor extracellular domains
(Kim et al, 2000d). Endothelial cells must alter their cellular environment using
various signalling events in order to invade the surrounding tissue. Kim et al
showed that Ang-1 induces secretion of plasmin, a serine protease that is involved
in degradation of the extracellular matrix. These changes provide a physical
pathway along which endothelial cells can migrate (Kim et al, 2000d).

Angiopoietin-1 mediated migration involves alternative pathways that are distinct
from those described above which mediate Ang-1 survival effects. Tie-2
activation by Ang-1 promotes tyrosine phosphorylation of the cytoskeletal
regulatory protein focal adhesion kinase (FAK) as well as the secretion of matrix
metalloproteinase-2 (MMP-2) (Kim et al, 2000d). The tyrosine residue 1100 of
the Tie-2 receptor is required for recruitment of the FAK subunit (Jones et al,
1999; Kontos et al, 1998). Tie-2 can also recruit additional signalling molecules
that participate in cellular pathways that affect the shape and migratory properties
of cells. For instance, the phosphotyrosine binding (PTB) domain of Dok-R can be
activated through its interaction with Tie-2. Phosphorylated Dok-R interacts with
signalling molecules such as the Nck-p21 activated kinase (Pak) complex. This
complex then binds to the cell membrane and is activated, leading to changes in
the cytoskeleton and cell migration (Jones and Dumont, 1998).

Tie-2 may interact with other endothelial cell specific molecules. Vascular
endothelial protein tyrosine phosphatase (VE-PTP) is one molecule, which
associates with Tie-2 (Fachinger et al, 1999). It is currently unknown whether the
angiopoietins can simultaneously bind to Tie-2 and VE-PTP and form inactive
heterodimers. This may be a model for the antagonist properties o f Ang-2.

Recent findings have indicated that the orphan receptor, Tie-1 may play a role in
angiopoietin signalling pathways. Tie-1 is proteolytically cleaved in-vivo in
response to activation of protein kinase C, VEGF and inflammatory cytokines.
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resulting in the release o f the extracellular domain (McCarthy et al, 1999;
Yabkowitz et al, 1997; Yabkowitz et al, 1999). The extracellular domain of Tie-1
and full-length Tie-1 can form complexes with Tie-2 in endothelial cells, although
Tie-1 does not become tyrosine phosphorylated under basal or stimulatory
conditions, nor does it become trans-phosphorylated upon Tie-2 activation
(Marron et al, 2000). Heterodimerisation of Tie-1 with Tie-2 may modulate Tie-2
signalling by restricting the recruitment of signalling intermediates to Tie-2 and
preventing Tie-2 activation. Alternatively, this heterodimer could be required for
the binding o f an-as-yet unidentified ligand for Tie-1 (Jones et al, 2001a).

Expression o f the Angiopoietins
The expression o f the angiopoietin family has been examined during development
and in the adult. The majority of this work has been performed in mice, which
have a gestational period of 21 days. Ang-1 is detected by embryonic day 8.5
(E8.5), primarily in the heart myocardium, surrounding the Tie-2 positive
endocardium (Davis et al, 1996). By mid-gestation, Ang-1 transcripts are
detectable in the myocardium of both atrium and ventricles and in mesenchymal
and smooth muscle cells surrounding most blood vessels, including the dorsal
aorta and vessels o f renal tissues, the somites and lung (Maisonpierre et al, 1997).
In contrast, Ang-2 transcripts are not rapidly detected in the developing heart but
are abundant in the dorsal aorta and major aortic branches, specifically in the
smooth muscle layer beneath the vessel endothelium (Maisonpierre et al, 1997).
The distinct but overlapping expression pattern of Ang-1 and Ang-2 has led to the
hypothesis that Ang-2 may regulate Ang-1 function at particular sites of vascular
development.

In adult human tissues, Ang-1 mRNA is expressed in the cerebellum, small
intestine, skeletal muscle, prostate, ovary, uterus and placenta (Maisonpierre et al,
1997). In contrast, Ang-2 expression is detectable only in the ovary, placenta and
uterus (Maisonpierre et al, 1997).

The signalling between the angiopoietins and the Tie receptor will be discussed
later in this thesis with reference to vascular network development.
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Expression o f Angiopoietins in Embryos and Mature Kidneys
Studies in the developing and mature mouse kidney have provided an insight into
the renal expression patterns of the angiopoietins. The mouse kidney forms from
the metanephros at embryonic day 11.0 (El 1.0) when nephrogenic mesenchyme
condenses around ureteric bud epithelium. E l 1.0 renal mesenchyme is avascular;
although there are capillaries located between the organ and the nearby
mesonephric duct and aorta and on its perimeter (Loughna et al, 1997; Loughna et
al, 1996).

Between E l 2.0 and E l3.0, capillaries form between ureteric bud branches and
nephron precursors; additionally, endothelia populate clefts between maturing
podocytes and proximal tubules in the first S-shaped nephron precursors. From
E l4.0, the most mature nephrons in the deeper cortex acquire glomerular capillary
loops and mesangial cells. From this point up to one week postnatally, new layers
of glomeruli are generated in the superficial cortex (Loughna et al, 1997).

Reverse-transcription -polymerase chain reaction (RT-PCR), western blotting and
northern blotting suggest that low levels o f Ang and Tie-2 transcripts are present
from the inception of the metanephros; there are relatively low levels of Ang-1
and Tie-2 mRNA and protein expressed around E12.5, when interstitial capillaries
populate the organ; protein levels o f Ang-1, Ang-2 and Tie-2 are upregulated by
E l4.5 and E l 6 .5 when the first layers of vascularised glomeruli are forming
(Kolatsi-Joannou et al, 2001). Yuan and colleagues have studied Ang-1, Ang-2
and Tie-2 renal expression from E l4.5 by using northern blotting and reported
that these genes were expressed form the onset of glomerulogeneis with levels
peaking in the first three postnatal weeks. These genes are then downregulated,
with low levels o f mRNA persisting into adulthood (Yuan et al, 1999).

In-situ hybridisation indicates that Ang-1 mRNA in the developing kidney is
expressed in condensing cortical mesenchyme, maturing glomeruli, proximal
tubules and outer medullary tubules (Yuan et al, 1999). In adult mice, Ang-1
protein is detected by immunohistochemistry in all glomeruli, a pattern consistent
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with capillary staining, Ang-1 protein is also detected in a capillary-like pattern
between cortical tubules (Yuan et al, 2002). Similarly, recent studies show that
Ang-1 is detected in human mature glomeruli (Satchell et al, 2002).

Using a mouse strain that expresses the LacZ receptor gene driven by the Ang-2
promoter the pattern of Ang-2/LacZ expression in the kidney has been determined
(Yuan et al, 2000a). LacZ codes for bacterial P-galactosidase, which is easily
localised in tissues by the X-gal reaction. Ang-2/LacZ heterozygous mice were
used in some of the experiments in my thesis.

The expression of Angiopoietin-2 in the kidney is shown in Figure 2.4. No Ang-

2/Lac Z expression is seen before E14.0. By this time, the metanephric kidney
contains tubules and capillaries and the ureteric bud branches and a capillary
network has developed (Loughna et al, 1996). X-gal staining is first seen at E l4.0
around the renal artery and its intrarenal branches. Endothelial cells in the dorsal
aorta express Ang-2/LacZ, whereas those in renal artery branches are negative.
The first metanephric glomeruli are formed by E l4.0 and these were Y-ga/
negative.

Between E19.0 and one week postnatally new nephrons are being formed. At
E l9.0, LacZ expression is seen in renal artery branches, arcuate vessels at the
junction of the cortex and medulla, glomeruli and mesangium. Weak Ang-2/LacZ
expression is also seen in the terminal portion of proximal tubules and descending
thin limbs of the loop of Henle that are aquaporin-1 negative, and thinner, parallel
medullary structures thought to be small vessels. One week after birth, staining
remains in all of these areas, with medullary staining prominent.

Three weeks after birth, the kidney is mature and the vasa rectae bundles reach
adult conformation. At this time-point, intense Ang-2/LacZ expression is seen in
the inner part of the outer medulla, the large branches of the renal artery and in
arcuate, smaller cortical and afferent vessels supplying deep glomeruli. The most
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prominent staining occurs next to the vasa rectae. By 8 weeks postnatally, there is
downregulated transgene expression in the cortex and inner medulla, where as
Ang-2/LacZ expression near vasa rectae remains prominent.

E10.5 andE12.0
E14.0

no expression
pericytes and smooth muscle of main
renal artery and its branches
pericytes and smooth muscle of renal
artery, mesangium, weak expression in
small medullary vessels, terminal part
of proximal tubule and descending limb
of the loop of Henle
as for E l9.0 neonatal stages, with more
intense expression in medullary
structures
downregulation apart from outer
medulla tubules near the vasa rectae

E l9.0 and neonate

Postnatal 1 week

Postnatal 8 weeks

Figure 2.4: LacZ expression driven by the Ang-2 promoter in the mouse
metanephros
(adaptedfrom Yuan et al, (2000) J Am Sac Nephrology 11:1055-66)

Tie-2 immunohistochemical expression becomes apparent in the metanephros by
E l2.5, when interstitial capillaries populate the organ, and the receptor protein is
widely expressed at the later stages of kidney development when glomerular
capillaries begin to form (Kolatsi-Joannou et al, 2001). Using western blotting
Tie-2 protein is detected from E l4, with phosphorylated tyrosine kinase evident
from E l8 into adulthood. Protein and mRNA are localised to capillaries in the
nephrogenic cortex, glomerular tufts and vasa rectae by immunohistochemistry
and in-situ hybridisation (Yuan et al, 1999). Tie-2 expression is also expressed in
human glomerular capillary cells (Satchell et al, 2002).
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The Regulation o f Angiopoietin Expression
In the final part of my experiments in this thesis, the regulation of the angiopoietin
family by TNF-a is determined in distal convoluted cells in-vitro. The expression
of the angiopoietins and Tie-2 receptors are affected by various stimuli as seen in
Figure 2.5 and is discussed in this section of my thesis. When considering all of
these experiments it is important to note that some studies have investigated
mRNA expression, while others concentrated on protein expression. The levels of
protein and mRNA may not be directly correlated. Studies in yeast quantified
levels of 150 proteins and compared the results to corresponding mRNA levels to
see if there was a relationship (Gygi et al, 1999). For some genes, while the
mRNA levels are of the same value, the protein levels can vary by more than 20fold indicating that there is not a direct correlation between protein and mRNA
levels. In all of my experiments in this thesis, measurements are made of protein
levels using immunohistochemistry and western blotting. Protein expression gives
an indication of the expression of the molecule when it has been made and
compared to mRNA gives a better understanding of the function of a particular
molecule.

Hypoxia is the main stimulus, which regulates angiopoietin and Tie expression,
and this effect is described in a variety of organs and isolated cells. In-vivo,
hypoxia induced in conscious rats (Abdulmalek et al, 2001) provokes a decline in
Ang-1 mRNA and Tie-2 mRNA, protein and phosphorylation levels in the lung,
liver, cerebellum and heart, but not in the kidney and the diaphragm. In
comparison, hypoxia raises the levels of Ang-2 mRNA in the cerebellum and
Ang-3 mRNA in the lung, kidney and diaphragm. Hypoxia increases Ang-2 levels
in in-vitro cell culture experiments. Ang-2 protein levels are upregulated in
immortalised mouse mesangial kidney cell lines (Yuan et al, 2000b) and Ang-2
mRNA levels increase in primary cultures of bovine microvascular endothelial
cells (Oh et al, 1999) in response to hypoxia. The hypoxic stimulation of Ang-2 is
significantly reduced by inhibitors of tyrosine kinases and protein kinase C but not
mitogen activated protein kinase inhibitors (Yuan et al, 2000b).
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Ang-2 can be upregulated using other stimuli. The pro-inflammatory cytokine,
tumour necrosis factor-a (TNF-a) increases cellular Ang-2 mRNA and protein in
human umbilical vein endothelial cells (Kim et al, 2000e). In the presence of
nuclear factor-KB (NF-kB) inhibitors TNF-a stimulation of Ang-2 is reduced
(Kim et al, 2000e). TNF-a and interleukin-Ip (IL-ip) upregulate Tie-2 protein
expression in human heart and dermal endothelial cells (Wiliam et al, 2000).
Thrombin, a potent promoter of angiogenesis enhances Ang-2 mRNA levels in
human umbilical vein endothelial cells (Huang et al, 2002). Leptin also induces
the expression of Ang-2 in adipose tissue (Cohen et al, 2001).

The morphogen, sonic hedgehog (Shh) regulates epithelial/mesenchymal
interactions in embryonic development (Chiang et al, 1996; Ramalho-Santos et al,
2000). Direct administration of Shh can protect aging mice undergoing unilateral,
surgically induced hind-limb ischemia from impaired angiogenesis (Pola et al,
2001). Shh stimulates cultured fibroblasts to increase expression of mRNA and
protein levels of VEGF and mRNA of Ang-1 and Ang-2.

In-vitro experiments suggest that VEGF-A effects expression of both Ang-1 and
Ang-2. VEGF upregulates Ang-1 mRNA in a time- and dose- dependent manner
in retinal pigment epithelial cells and increases the amount of Ang-1 protein
secreted in the media of these cells (Hangai et al, 2001). In contrast, in primary
cultures of bovine microvascular endothelial cells, VEGF induces a time- and
concentration- dependent increase in Ang-2 mRNA expression, an effect totally
abolished by inhibition of tyrosine kinase or mitogen-activated protein kinase and
partially suppressed by protein kinase C (Oh et al, 1999).

These stimuli will provide a basis for explaining the factors that may be involved
in controlling the expression of the angiopoietins in the model of folic acid renal
disease described in this thesis.
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Figure 2.5: The regulation of angiopoietin family expression in in-vivo and invitro studies
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Vascular Endothelial Growth Factor (VEGF)
The second growth factor family that will be investigated in this thesis is the
vascular endothelial growth factor (VEGF) family. Ferrera et al described VEGF
in 1989 as a potent diffusible factor specific for vascular endothelium (Leung et
al, 1989). There are several molecules in this family that are structurally related.
The family now consists of VEGF, VEGF-B, VEGF-C, VEGF-D and placenta
growth factor (PIGF) (Shibuya, 2001).

The VEGF glycoproteins are members of a structural superfamily which includes
platelet-derived growth factor BE (PDGF-BB) and transforming growth factor P2
(TGFp2). This family has a common motif of a cysteine knot where six conserved
cysteine residues form three disulphide bonds that contribute to the proteins’
three-dimensional structures (Muller et al, 1997).

Properties o f Members o f the VEGF Family
VEGF-A is the main member of the family known to play a role in angiogenesis.
The human gene is organised in eight exons separated by seven introns.
Alternative splicing of a single VEGF-A gene results in four alternative forms of
VEGF-A, having 121, 165, 189 and 206 amino acids (VEGFm.zoe). VEGFies
lacks residues encoded by exon 6 whereas VEGFni lacks the residues encoded by
exons 6 and 7. In comparision with VEGFies, which is the predominant isoform
expressed, VEGFigg has an insertion of 24 amino acids and VEGF206 has an
additional insert o f 17 amino acids while VEGFni lacks 44 amino acids (Neufeld
et al, 1999).

The different forms of VEGF-A bind with various affinities to heparin. VEGF 121
fails to bind to heparin and is therefore a freely diffusible protein. VEGF 155 can
bind to heparin causing a complex to form which has a 50-100 fold increased
mitogenic activity for endothelial cells. However, a significant fraction of
VEGFi65 remains bound to the cell surface and the extracellular matrix (ECM).
VEGFi89 and VEGF 206 bind to heparin with greatest affinity and are almost
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completely sequestered in the ECM. When released the VEGF factors exist as
dimeric glycoproteins of 34-43 kDa (Ferrara, 1999). VEGF-A acts as an inducer
of vascular permeability, a mitogen for endothelial cells and plays a role in blood
vessel development.

Placenta growth factor is a disulphide-linked homodimeric glycoprotein with 46%
homology to VEGF-A. PIGF can form heterodimers with VEGF-A. Three
isoforms of PIGF have been characterised and are generated by alternative
splicing. Only one of these isoforms, PlGF-2 can bind to heparin (Cao et al, 1997).

VEGF-B is 44% identical to VEGF-A in its amino acid structure. There are two
alternative isoforms consisting of 167 and 186 amino acids, which differ in their
carboxyl-terminal region. VEGF-B i6? binds to heparin and remains pre
dominantly cell-associated, whereas VEGF-B iso is secreted from cells. VEGFBi 67 has been shown to be mitogenic for endothelial cells in-vitro (Olofsson et al,
1996).

VEGF-C and D have a similar protein structure. Each of these proteins consists of
a central region that is similar to VEGF-A (30% and 61% homology respectively).
In addition, these proteins have N-terminal and C-terminal extensions, which are
then proteolytically processed and can give rise to a mature, secreted protein that
consists o f the VEGF-like domain. VEGF-C can induce vascular permeability and
is mitogenic for endothelial cells, although less potently than VEGF-A (Achen et
al, 1998; Joukov et al, 1996).

VEGF Receptors
There are currently three known tyrosine kinase receptors in the VEGF family
(Figure 2.6). VEGF-A can bind to either VEGFR-1 (Flt-1) or VEGFR-2 (Flk-1 or
KDR (kinase domain region) in the human). VEGFR-1 has the highest affinity to
VEGF-A but its tyrosine kinase activity is very weak (De Vries et al, 1992).
VEGFR-2 binds with weaker affinity to VEGF-A, but the kinase activity is very
strong (Terman et al, 1992). VEGFR-2 undergoes autophosphorylation on binding
to VEGF-A and transduces survival and differentiation signals to
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Figure 2.6: The structure of VEGF receptors

The VEGF receptor fam ily in mouse and human consists o f three transmembrane
receptors, VEGFR-1, VEGFR-2 and VEGFR-2. VEGF-A can bind to either
VEGFR-1 or VEGFR-2. VEGF-B and PIGF can bind only to VEGFR-1, while
VEGF-C and VEGF-D can bind to either VEGFR-2 or VEGFR-2. The
extracellular regions o f VEGFR-1 and VEGFR-2 contain seven immunoglobulin
domains that are stabilised by disulphide links between paired cystiene residues.
In VEGFR-2, the fifth domain is proteolytically processed into two disulphidelinked polypeptides. In the intracellular region o f all the VEGF receptors, the
tyrosine kinase domains are interrupted by a small stretch o f amino acids
commonly referred to as a kinase insert. The VEGF receptors participate in the
migration, growth, differentiation, survival and permeability o f endothelial cells
(adaptedfrom Jones et al, (2001) Tie receptors, new modulators o f angiogenic
and lymphangiogenic responses. Nature Reviews. Molecular Cell Biology 2: 257-
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endothelial cell precursors (Millauer et al, 1993). VEGFR-1 may function mainly
to “mop up” extra VEGF and hence fine-tune VEGF induced signalling
(Hiratsuka et al, 1998). VEGF-B and PIGF can bind only to VEGFR-1. Finally,
VEGF-C and D binds to both the VEGFR-2 and VEGFR-3 (Neufeld et al, 1999).

Both of the receptors for VEGF have seven immunoglobulin (Ig-like domains), a
single transmembrane region and a consensus tyrosine kinase sequence, which is
interrupted by a kinase-insert domain. The second and third Ig domains are found
to be the VEGF binding region (Keyt et al, 1996) while the 4* to 7* Ig regions are
essential for receptor dimérisation (Shinkai et al, 1998).

Site-directed mutagenesis experiments revealed that the following amino acid
residues of VEGF-A, Arg (82), Lys (84) and His (86) are critical for the binding
of VEGF to VEGFR-2, while Asp (63), Glu (64) and Glu (67) are required for the
binding of VEGF to VEGFR-1 (Keyt et al, 1996).

VEGFR-1 can encode for two polypeptides. One is the full-length tyrosine kinase
receptor, and the other is the soluble form of VEGFR-1, which contains only the
l * t o 6 ^ Ig regions and lacks the tyrosine kinase domain and hence enzymatic
activity (Kendall and Thomas, 1993).

Sokar et al in 1989 demonstrated the existence of an additional VEGF receptor
that binds VEGF 155 This isoform-specific VEGF binding site is identical to
human neuropilin-1, a receptor involved in neural cell guidance. Evidence
indicates that neuropilin-1 is a VEGF 155 co-receptor. VEGFR-2 binds VEGF 165
more efficiently in cells expressing neuropilin-1 and this causes a better migratory
response, when compared to endothelial cells expressing VEGFR-2 but no
neuropilin-1 (Soker et al, 1998).

Downstream Targets o f the VEGF Receptor
Activation of the VEGF receptors can affect many pathways, as is the case for the
angiopoietins. Phospholipase Cy (PLCy) binds directly to the autophosphorylated
KDR receptor and is then tyrosine phosphorylated and activated. The activated
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PLCy then stimulates protein kinase C that activates mitogen associated protein
kinase (Takahashi et al, 1999).

The VEGF family can also affect similar pathways to the angiopoietins.
Activation of VEGR-1 in cultured cell lines leads to mitogenic effects mediated
via the p85 subunit of the PI 3 kinase (Cunningham et al, 1995). Similarly,
VEGFR-2 activation is required for the anti-apoptotic effects of VEGF on human
umbilical vein endothelial cells in serum-free conditions. The P-I-3 kinase and
Akt pathways mediate this effect (Gerber et al, 1998).

The Expression o f the VEGF Family

The expression of VEGF-A occurs in a wide variety of non-endothehal cells in
locations where endothelia are proliferating. VEGF-A is expressed by
macrophages and various tumour cells indicating a role in the angiogenesis of
wound healing and tumour growth. Examination of the expression of the different
splice variants has shown that most cell types produce several VEGF-A variants
simultaneously. Usually the 121 and 165 amino acids long forms are predominant,
but expression of the 189 form is seen in most VEGF-producing cell types. In
contrast, VEGF 202 is a very rare form (Houck et al, 1991).

VEGFR-1 and VEGFR-2 are expressed predominantly in endothelial cells, but a
few additional types of cells express one or both of these receptors. The VEGFR-1
receptors are expressed in trophoblast cells, monocytes and renal mesangial cells.
VEGFR-2, on the other hand, is expressed by haemopoietic stem cells and retinal
progenitor cells (Neufeld et al, 1999).

The VEGF-B gene is strongly expressed in the developing heart during
embryogeneis and in adult cardiac and skeletal muscle. The pattern of VEGF-B
gene expression overlaps with that for VEGF-A gene expression in numerous
tissues. It has been proposed that VEGF-B may play a role in regulating the
vascularisation of adult and embryonic tissues, in particular of muscle (Grimmond
et al, 1996; Olofsson et al, 1996).
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The VEGF-C receptor, VEGFR-3 is expressed in endothelial cell precursors in
day 8.5 mouse embryos and later in development is expressed in venous and
lymphatic endothelium (Kaipainen et al, 1995). The patterns o f VEGF-C gene
expression during sprouting of lymphatic endothelium suggest that the molecules
constitute a paracrine system that regulates angiogenesis of the lymphatic
vasculature during embryonic development (Kukk et al, 1996).

The expression of VEGF-D is less well established. The receptors are found on
lymphatic endothelium suggesting that they may attract growth o f the vessels into
developing tissues. VEGF-D gene is expressed in the developing lung and high
levels o f VEGF-D are detected in the lung and heart in the adult human (Achen et
al, 1998; Yamada et al, 1997).

In the kidney, the expression of VEGF-A and its receptors has been determined in
developing and adult murine kidneys. VEGFR-2 transcripts are expressed by E l 1
mouse renal mesenchymal cells and subsequently by all metanephric endothelial
cells. At the onset of mouse nephrogenesis, VEGF-A transcripts are detected in
both renal mesenchyme and ureteric bud (Loughna et al, 1997). High levels of
VEGF-A are expressed in podocytes of glomeruli from nephrogenesis into
adulthood (Brown et al, 1992). It has been shown, that VEGF 165 is by far the most
abundant isoform in glomeruli of both newborn and adult kidneys, followed by
VEGF 120 and finally VEGF 189 (Robert et al, 2000).

Similar results are seen in human kidneys. Kaipainen et al localised VEGF-A
transcripts to glomerular epithelial cells, VEGFR-2 to the endothelium of
glomerular capillaries and VEGFR-I to glomerular and peritubular capillaries
(Kaipainen et al, 1993). Simon et al used in-situ hybridisation and
immunohistochemistry to show that VEGF-A was expressed by epithelia in
glomeruli and in collecting ducts in developing kidneys while the two receptors
were expressed by endothelial cells in glomeruli and around tubules (Simon et al,
1995).
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Regulation o f the Expression o f the VEGF Family
VEGF is regulated by various molecules which are summarised in Figure 2.7. The
expression o f VEGF-A is regulated by hypoxia. This has been shown in in-vitro
and in-vivo experiments. Low O2 levels in primary fibroblast cultures fi"om
malignant cell lines induce expression of VEGF-A mRNA (Minchenko et al,
1994). In-vivo, in animals exposed to hypoxia, VEGF-A expression is induced in
several organs, including heart, brain, liver, kidney and muscle (Minchenko et al,
1994). Studies investigating the regulation of the VEGF receptors in response to
hypoxia have yielded conflicting results. As for VEGF-A, hypoxia upregulates
both VEGFR-1 and VEGFR-2 mRNA levels in an in-vivo model of myocardial
infarction in the rat (Li et al. 1996). However, an in-vitro study in human
endothelial umbilical vein cells exposed to hypoxia describes an increase in levels
of VEGFR-1 mRNA, but repression of VEGFR-2 mRNA (Gerber et al, 1997).

The sensing of oxygen in cells is mediated by the transcription factor, hypoxia
inducible factor (HIF). Under hypoxic conditions, H IF -la and HIF-2a are
stabilised and translocated to the nucleus. Within the nucleus, the factors co
operate with another related factor, HIF-P to activate the VEGF-A gene via a
specific motif, HRE. (hypoxia response element). HIF-1 upregulates VEGF-A
gene transcription in a model of ischemia-induced angiogenesis (Forsythe et al,
1996). The expression of the HIF-1 subunit is regulated by the von Hippel-Lindau
tumour suppressor protein (VHL), the product of the gene responsible for von
Hippel Lindau (VHL) disease (Epstein et al, 2001). H IF-ip is constitutively
expressed, but both the expression and transcriptional activity of H IF -la are
regulated by cellular oxygen concentrations. In normoxic conditions, H IF -la is
recognised by VHL and destroyed by proteolysis, preventing transcription of
downstream target genes. In hypoxic conditions, H IF -la is not degraded by VHL
and so the downstream target genes are expressed in hypoxic conditions
(Bradbury, 2001). Therefore, the VHL protein is involved directly in the
regulation o f VEGF-A protein under normoxic conditions. The loss of VHL
function results in the constitutive upregulation of the VEGF gene, suggesting that
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the high susceptibility of brain and renal cancers in VHL patients is due to the
abnormal upregulation of the critical angiogenic factor, VEGF-A (Gnarra et al.
1996).

Several cytokines or growth factors upregulate VEGF-A mRNA expression. Invitro administration of epidermal growth factor (EGF), transforming growth
factor-P (TGF-P) and keratinocyte growth factor 1 (KGFl) in cultured human
kératinocytes results in a marked induction of VEGF-A mRNA expression (Frank
et al, 1995). As with hypoxia, the effect of some cytokines on VEGF receptor
expression is unclear. TNF-a reduces mRNA transcripts of both VEGFR-1 and
VEGFR-2 in venous and arterial endothelial cells in a dose- and time-dependent
fashion (Patterson et al, 1996). In contrast, Giraudo et al report in human
endothelial cells that TNF-a can upregulate VEGFR-2 mRNA and protein
(Giraudo et al, 1998).

Another small molecule that upregulates VEGF expression is nitric oxide. Nitric
oxide contributes to the blood vessel effects of VEGF-A. The production of nitric
oxide is in turn upregulated by VEGF-A, indicating that a positive feedback loop
exists between these two factors (Dembinska-Kiec et al. 1997).

Therefore, in this section I have described the molecular biology of two families
of vascular growth factors that will be investigated in this thesis in the folate
model of nephrotoxicity. The main role of these growth factors is in vascular
development, which will be discussed in the next section of this thesis, alongside
other signalling molecules involved in this process. The other physiological and
pathological roles of these the Tie and VEGF families will also be discussed.
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Chapter 3: The Angiopoietin and Vascular
Endothelial Growth Factor Families in Health
and Disease
The vascular system develops by two main processes, termed vasculogenesis and
angiogenesis (Conway et al, 2001). In these two processes endothelial cells
expand, reorganise and assemble into ordered structures in response to local
environmental cues such as growth factors from non-vascular tissue systems
(Carmeliet, 2000a).

Two of the growth factor families that act as cues in vascular development are
Ang and VEGF. Null mutant mice lacking VEGF or Ang/Tie genes fail to develop
a functioning vascular system (Gale and Yancopoulos, 1999). A summary of these
findings is seen in Figure 3.1. VEGF-A is known to play a critical role in the early
stages of blood vessel development in vasculogenesis (Gale and Yancopoulos,
1999). In contrast, Ang and Tie receptors play a crucial role in the remodelling
and sprouting of the endothelial cells in angiogenesis (Gale and Yancopoulos,
1999). The next section will describe the two processes o f vasculogenesis and
angiogenesis in detail and the stages where VEGF-A and Ang are involved. There
are also some other growth factors that play a role in the co-ordination of
vasculogenesis and angiogenesis and these will also be considered in this chapter.

Vasculogenesis
Vasculogenesis is most extensively studied in mouse embryos, where the process
begins at embryonic day 7.5 (E7.5). In vasculogenesis, or in-situ vessel formation,
‘naïve’ mesenchymal precursor cells differentiate to acquire an endothelial
phenotype. The process occurs outside of the embryo proper, in the yolk sac.
Endothelial and haematopoietic cells share a common progenitor in the yolk sac,
known as the haemangioblast. In the yolk sac, haemangioblasts form aggregates in
which the inner cells develop into haematopoietic cells and the outer
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Figure 3.1: Gene knockout mice for the VEGF and Tie families.
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al

population into endothelial cells (Carmeliet, 2000a). The aggregates of
mesenchymal cells are called blood islands. The endothelial cells formed are
characterised by the expression of proteins such as platelet endothelial cell
adhesion molecule (PECAM, also known as CD31), CD34 and factor VIII related
antigen (von Willebrand factor) (Carmeliet, 2000a). As the yolk sac vasculature
develops, the endothelial cells proliferate and differentiate to form a primary
capillary plexus, which acts as a scaffold for the process o f angiogenesis. This
leads to the formation of the start of the first vessels in the embryo, such as the
dorsal aorta, cardinal veins and the embryonic stems of the yolk sac arteries and
veins. Although vasculogenesis is classically considered to be limited to the
embryonic period, it has recently been apparent that bone-marrow derived cells,
which have the phenotype of endothelial cell precursors, circulate in the blood
stream postnatally and can contribute to new sites o f new vessel formation, for
example during recovery from vascular injury (Murohara et al, 2000).

Role of the VEGF Family in Vasculogenesis
VEGF-A and its receptor VEGFR-2 are essential for the development of
vasculogenesis. VEGF-A can stimulate endothelial cell proliferation specifically
in-vitro, but fails to induce this effect in smooth muscle cells, fibroblasts and
adrenal cortex cells (Connolly et al, 1989). Mice deficient for VEGF-A die at
E8.5-9 days with delayed endothelial cell production and impaired vasculogenesis
and angiogenesis (Carmeliet et al, 1996; Ferrara et al, 1996). Interestingly,
heterozygous mice for VEGF-A are less affected than the homozygous mice with
development proceeding to E l 1.5 with blood vessels failing to sprout, thus
affecting the process of angiogenesis.

Mice with disruption of the VEGFR-2 receptor fail to induce endothelial cell
differentiation, leading to embryo death at embryonic day 8.5-9.5. The mice are
deficient with blood islands, endothelial cells and major vessel tubes all failing to
develop (Shalaby et al, 1995). Disruption o f VEGFR-1 interferes with later stages
o f vasculogenesis, resulting in thin-layered walls of vessels of larger than normal
diameters and embryos die at embryonic day 9 (Fong et al, 1995). Excess numbers
of endothelial cells are generated and enter the lumens of the abnormal vascular
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channels. Therefore, it is proposed that VEGFR-1 is involved in down-regulating
VEGF activity to ensure that the correct number of endothelial cells are generated.
It appears that only the binding portion of this receptor is important in vascular
development as mutant mice that lack VEGFR-1 tyrosine kinase domain can
develop a normal vasculature (Hiratsuka et al, 1998). Finally, mice that are
knocked out for VEGFR-3 show defects in the organisation of large vessels before
the emergence of the lymphatic system (Dumont et al, 1998).

Angiogenesis
A process called angiogenesis then remodels this plexus. The blood vessels
sprout, branch, differentiate and then penetrate into previously avascular regions
of the embryo. Smooth muscle cells and pericytes are also recruited in this process
(Folkman and D'Amore, 1996). Angiogenesis occurs in the adult during the
ovarian cycle and in physiological repair processes such as wound healing.
However, very little turnover of endothelial cells occurs in the healthy adult
vasculature (Papetti and Herman, 2002).

The process of angiogenesis has several steps, which are outlined in Figure 3.2.
Vascular growth factors are involved in each of these steps. Firstly, the existing
blood vessels that are formed by vasculogenesis dilate and become permeable.
This allows plasma proteins to leak into the vessels and assist in laying down a
scaffold for the endothelial cells to migrate. The endothelial cells then migrate by
detaching themselves from their supporting cells. Proteinases of the plasminogen
activator, matrix metalloproteinases (MMP), can degrade matrix molecules or free
up growth factors within the extracellular matrix. This helps to clear a path for the
endothelial cells to physically migrate to distant sites (Coussens et al, 1999). The
endothelial cells then form lumens, recruit supporting cells and differentiate to
accommodate local requirements.
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Figure 3.2: The process of blood vessel development

In the fir s t stage o f blood vessel development, vasculogenesis, endothelial cell
precursors proliferate and differentiate to form a prim ary capillary plexus, which
acts as a scaffold fo r the process o f angiogenesis. The plexus is then remodelled,
the blood vessels sprout, branch, differentiate an d then penetrate into previously
avascular regions o f the embryo. Smooth muscle cells and pericytes are also
recruited in this process.
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The importance of the angiopoietin family in the process of angiogenesis has been
determined using either null mutant mice or transgenic overexpression of one of
the Tie ligands.

Ang-1 and Tie-2 null mutant mice have a similar phenotype. However, the effects
are more severe in the Tie-2 knock-out mice. In both cases, the mice embryos are
abnormal and die by embryonic day E 11.0-12.5. The primary capillary plexus
fails to expand and be maintained. The vasculature in the forebrain, developing
eye, primitive gut and umbilical vasculature in these mice is less complex than
normal and their endothelial cells are rounded in appearance with a reduced
amount of supporting cells. It is suggested that Ang-1 is involved in normal
interactions between endothelial cells and their supporting cells and therefore in
the maintenance of vascular stability (Dumont et al, 1994; Suri et al, 1996).

Recent evidence indicates that the role of Ang-2 in physiological conditions may
be context-dependent. Ang-2 activates Tie-2 on some cells, while it blocks Tie-2
activation on other cells or under different conditions (Davis et al, 1996;
Maisonpierre et al, 1997; Teichert-Kuliszewska et al, 2001). Using a genetargeting approach in mice the role of Ang-2 in vascular development and
function has been examined (Gale et al, 2002). Ang-2 is necessary for the
postnatal vascular remodelling in the neonatal eye; one of the most studied site of
postnatal vascular remodelling (Hackett et al, 2000). Deletion of the Ang-2 gene
results in profound defects in the patterning and function of the lymphatic
vasculature (Gale et al, 2002). Experiments using a genetic swap replacing the
Ang-2 gene with a cDNA encoding Ang-1 determined the mechanism of action of
Ang-2 in vascular development. Ang-1 is able to complete rescue the lymphatic
defects in mice lacking Ang-2, but not the defects in eye vascular remodelling,
suggesting that Ang-2 acts as a Tie-2 agonist in the former setting, but as an
antagonist in the latter setting (Gale et al, 2002). In vascular development,
overexpression of Ang-2 causes a similar phenotype to the Ang-1 and Tie-2
deficient mutations, consistent with Ang-2 acting as a potential antagonist of Tie-2
(Maisonpierre et al, 1997).
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Venous malformations in two families of human subjects map to the Tie-2
receptor where a missense mutation causes an arginine-tryptophan substitution
(Vikkula et al, 1996). The mutant receptors can be activated without ligand
binding as they have a constitutive tyrosine phosphorylation activity. Patients with
this mutation develop vein-like structures deficient in smooth muscle cells.
Normally, when vessels grow, there is an increase in the amount of smooth
muscle layers accordingly; this fails to occur in these patients.

Mouse embryos lacking Tie-1 show compromised vascular maintenance and
impaired endothelial cell integrity and they die later in development (Puri et al,
1995; Sato et al, 1995). Cardiac morphogensis proceeds normally in Tie-1
deficient embryos, indicating that Tie-1 may be required later than Tie-2 by
particular endothelial cell-types.

Permeability Changes and Endothelial Cell Migration
The first step in angiogenesis is the increase in permeability of existing vessels.
This effect is modulated by VEGF-A. VEGF-A is transcriptionally upregulated, in
part by nitric oxide, and redistributes intracellular adhesion molecules, including
platelet endothelial cell adhesion molecule (PECAM-1) and vascular endothelial
(VE)-cadherin (Gale and Yancopoulos, 1999). The change in permeability allows
plasma proteins to exit from existing blood vessels creating a support structure for
the migration of endothelial cells.

Excessive vascular permeability could result in pathological outcomes, such as
circulatory collapse. Therefore, the blood vessels then contract to prevent
excessive vascular leakage. Ang-1 plays a role in this process as it is a natural
inhibitor of vascular permeability and can protect against plasma leakage.
Overexpression of Ang-1 in the skin (Suri et al, 1998) can induce formation of
new blood vessels. These vessels are resistant to leakage induced by inflammatory
stimuli, even in the presence of VEGF-A (Thurston et al, 1999).

In pathological angiogenesis, endothelial cells can migrate to distant sites. Firstly,
endothelial cells detach from their smooth muscle cells and loosen underlying
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matrix. This effect is enhanced by Ang-2, which is known to destabilise blood
vessels (Maisonpierre et al, 1997). Degradation of the extracellular matrix
surrounding the endothelial cells also occurs in angiogenesis that not only
provides room for the migrating endothelial cells, but also results in the liberation
of growth factors, such as VEGF. Matrix metalproteinases play a major role in
this process (Carmeliet 2000a). It is known that Ang-1 induces endothelial
sprouting via the secretion of MMP-2, MMP-3 and MMP-9 and the suppression of
inhibitors of metalloproteinases (Kim et al, 2000d).

Signalling Between Angiogenic Factors
The sprouting of endothelial cells occurs by the interplay of many angiogenic and
anti-angiogenic molecules. A growing list o f molecules are being discovered that
are angiogenic after exogenous administration and these are shown in Figure 3.3,
but their endogenous function remains undetermined. Epidermal growth factor,
hepatocyte growth factor and interleukins can also stimulate angiogenesis. Nitric
oxide is also known to improve the reendothelisation o f denuded vessels
(Carmeliet 2000a).

Ang-1 is chemotactic for endothelial cells, inducing sprouting and stimulates the
interaction between endothelial and peri-endothelial cells (Suri et al, 1996; Suri et
al, 1998). Ang-2 in concert with VEGF is also angiogenic, although in the absence
of VEGF, Ang-2 may actually induce vessel regression (Maisonpierre et al,
1997). This phenomenon will be discussed later in this chapter.

Several other factors have been implicated in angiogenesis and are worth
mentioning. Fibroblast growth factor (FGF) stimulates endothelial cell growth and
recruits mesenchymal and inflammatory cells (Carmeliet, 2000b). Platelet-derived
growth factor-B (PDGF-B) is angiogenic for microvascular sprouting endothelial
cells and recruits pericytes and smooth muscle cells around new vessels (Folkman
and D'Amore, 1996). Platelet-derived growth factor receptor-P (PDGFR-P) and
PDGF-B null mutant mice die prenatally from haemorrhage and have no pericytes
or mesangial cells in the kidney vasculature (Leveen et al, 1994). Finally, 50% of
TGF-p null mice die from a severe defect in yolk sac vasculogenesis, thought to
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Figure 3.3; Some of the molecules that mediate angiogeneisis
(adapted from Papetti and Herman (2002) Am J Physiology. Cell Physiology 282:
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result from improper interactions between epithelial and mesenchymal cells
(Dickson et al, 1995).

It has been proposed by Folkman et al in 1996 that Ang-1 produced by
mesenchymal cells activates the Tie-2 receptor on endothelial cells (Folkman and
D'Amore, 1996). This in turn, leads to the production and or release of a recruiting
signal for mesenchymal cells. In the case of the pericyte, most data indicate that
the recruiting signal is PDGF-p. Once mesenchymal cells arrive and contact
endothelium, TGF-P may be activated and can induce differentiation of the
mesenchymal cells into pericytes and smooth muscle cells and inhibits endothelial
cell proliferation and stimulates matrix deposition. A lack of local TGF-P
production could permit an increase in proliferation of endothelial cells, which
line the large lumens o f venous malformations as seen in Tie-2 mutation patients.
As TGF-P induces matrix production and alters integrin expression, an absence of
endothelial to smooth muscle cell interactions will account for the endothelial
dysftmction seen in Ang-1/Tie-2 mutations. These postulated relationships are
depicted in Figure 3.4. The surrounding endothelial cell layers and extracellular
matrix are critical for ongoing structural and fimctional support of the vascular
network. Vascular smooth muscle cells stabilise nascent vessels by inhibiting
endothelial proliferation and migration. Indeed, vessels regress more easily when
not covered by smooth muscle cells (Conway et al, 2001).

The endothelial cells are directed to sites of angiogenic remodelling by signalling
through intergrins avps and aspi, PECAM-1 and Eph/ephrin receptor ligand pairs
(Eliceiri and Cheresh, 1999; Huynh-Do et al, 1999; Han et al, 1999). They contact
with other endothelial cells and assemble into solid cords, and subsequently
acquire a lumen. Intercalation and thinning of the endothelial cells along with
fusion o f existing vessels to create longer and greater diameter vessels achieve this
(Conway et al, 2001). Lumen diameter is tightly regulated by several growth
factors. VEGF 121 and VEGF 165 and their receptors increase lumen formation,
while VEGFi89 decreases lumen diameter. In combination with VEGF-A, Ang-1
augments lumen diameter (Suri et al, 1998).
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Figure 3.4. Model for recruitment of mesenchymal cells to developing vessels.

Ang-1 released by mesenchymal cells binds to the Tie-2 receptor on
endothelium. This releases a recruitment signal (PDGF) that facilitates
migration o f the mesenchymal cell to the endothelial cell. Upon contact, TGFP is activated which causes mesenchymal cells to differentiate and begins the

accumulation o f the extracellular matrix, (adapted from Folkman and D 'Amore
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Branching and Remodelling of the Vasculature
The vascular system then forms a three-dimensional organisation by branching.
VEGF-A contributes to the complexity of the vascular network by stimulating
vascular splitting and sprouting (Pettersson et al, 2000). Embryos lacking a single
VEGF allele have fewer vascular sprouts (Carmeliet et al, 1996). Similarly, gene
inactivation o f Ang-1 and Tie-2 results in dilated capillary-like vessels of uniform
size that fail to remodel into a mature, complex network of large vessels into
smaller branches (Gale and Yancopoulos, 1999). Other factors that are involved
include renin, a postulated branching factor for renal arteries (Gomez, 1998),
while acidic FGF is a branching factor for myocardial arteries (Fernandez et al,
2000 ).

With maturation of the vascular network, specific properties of vessels need to be
determined. There is evidence to suggest that members of the ephrin family may
play a role in the demarcation of endothelial precursors into arterial and venous
domains. Ephrins are ligands for their corresponding Eph tyrosine kinase
receptors. Different ephrins and Eph receptors are restricted to either arteries or
veins allowing a molecular distinction to be made between the two structures.
Ephrin B2 is restricted to arteries, whereas EphB4 is found only in veins (Wang et
al, 1998). Inactivation of the ephrin B2 gene in mice results in normal
vasculogenesis but abnormal angiogenesis, the latter with disrupted remodelling
of both arteries and veins into large and small branches and diminished vessel
maturation with decreased association with supporting cells (Adams et al, 1999).

Some interesting recent evidence shows that Ang-1 and the Tie-1 receptor may be
important in determining vascular polarity. Studies by Loughna and Sato suggest
that a distinct genetic program may establish the development of the left-hand side
and the right-hand side of the venous system. Double knockout embryos lacking
both the Ang-1 and Tie-1 genes exhibit specific disruption of the right-hand side
of the venous system, whereas the left-hand side venous network is normal. This
phenotype is detected at an early stage of development when both sides of the
venous network are morphogically symmetrical (Loughna and Sato, 2001).
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A further family that has recently been shown to have a role in vessel
development is Notch. Notch is a transmembrane receptor that is important in a
wide array of developmental contexts for specifying cell populations with
different fates and for defining the boundaries between them. Four Notch genes
are identified in mammals (Notch 1-4) and Notch 1,2 and 4 are expressed in
mouse endothelial cells (Lawson et al, 2001). Targeted disruption of Notch-4
shows that it is dispensable for vascular development and mice lacking Notch-1
display defects in angiogenic remodelling (Krebs et al, 2000). Mice deficient in
Notch-2 die as neonates, owing to defects in kidney development and also exhibit
defects in development of the heart and eye vasculature (McCright et al, 2001). A
loss of Notch signalling in zebrafish embryos leads to molecular defects in
arterial-venous differentiation (Lawson et al, 2001). Notch ligands are also
expressed within the endothelium and are required for proper vessel development.
One of these ligands. Jagged-1 is expressed in the developing endothelium and
targeted disruption of the Jagged-1 gene in mice results in defects in the head and
yolk sac angiogenesis, although the formation of the major vessels appear normal
(Xue et al, 1999).

Once new vessels are assembled, the endothelial cells become remarkably
resistant to exogenous factors, and are quiescent. The molecular mechanism by
which a quiescent endothelium is able to maintain its physiological function in
various vascular beds for long periods of time is unclear. However, VEGF and
Ang-1 have been implicated in various in-vitro studies (Gerber et al, 1998; Jones
et al, 1999; Kim et al, 2000c). As already discussed, VEGF is a survival factor for
endothelial cells through the activation of the protein kinase Akt (Gerber et al,
1998). Ang-1 can also exert survival properties by enhancing expression of the
anti-apoptotic gene, survivin, via the activation of Akt through Tie-2 signalling
(Jones et al, 1999; Kim et al, 2000c).

The Relationship Between VEGF and the Angiopoietins in Vascular
Development

It is now well established that some of the roles of the Ang family in vascular
remodelling are dependent on the expression of VEGF-A. This theory is
72

developed from a study investigating Ang-1, Ang-2 and VEGF-A in rat ovary
follicle development (Maisonpierre et al, 1997). Ovarian follicle development
depends on the sequential regulation of vascular outgrowth and vascular
regression. At maturation, the follicle ruptures, expels the ovum, and then
undergoes reorganisation into a cell-dense secretory structure known as the corpus
leutem. This process includes a wave of vascular sprouting and ingrowth that
hypervascularises the corpus leutem, these vessels eventually regress as the corpus
leutem ages.

VEGF-A mRNA is present in the preovulatory follicle before vessel invasion.
When vessels invade, VEGF-A mRNA is abundant within the centre of the
developing corpus leutem. Ang-1 transcripts are associated with blood vessels
growing into the corpus leutem. These observations are consistent with Ang-1
having a later role in angiogenesis than VEGF-A (Maisonpierre et al, 1997).

Interestingly, the role of Ang-2 in the rat ovary seems to be dependent on VEGFA expression. Initially, Ang-2 transcripts are clustered in the vessels invading the
corpus leutem, which express high levels of VEGF-A. These expression patterns
suggest that Ang-2 may collaborate with VEGF-A at the front of invading
vascular sprouts by blocking a stabilising action of Ang-1 and thus allowing
vessels to develop a plastic state when they may be more responsive to a sprouting
signal provided by VEGF-A (Maisonpierre et al, 1997).

In follicular atresia, a condition in which large vesicular follicles fail to ovulate,
there is no invasion of vessels in the corpus leutem and the follicle regresses. In
these circumstances, VEGF-A mRNA is not detectable, whereas Ang-2 mRNA is
present in large amounts. Similarly, in the aging corpora lutei, in which vessels
degenerate a similar pattern o f VEGF-A and Ang-2 expression is observed
(Maisonpierre et al, 1997).

This data is incorporated into a model of blood vessel development in Figure 3.5.
Stable vessels develop by vasculogenesis and angiogenesis as previously
described. However, if new vessels need to be formed or vessels regress in
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Figure 3.5: The relationship between Ang and VEGF in vessel remodelling
It is now well-established that some o f the roles o f the Ang fam ily in vascular
remodelling are dependent on the expression o f VEGF-A. Stable vessels develop
by vasculogenesis and angiogenesis. However, if new vessels need to be form ed
or vessels regress in pathological situations then the Ang and VEGF
fam ilies play a prominent role. Firstly, the vessels could be destablised by Ang-2.
Then the fa te o f a vessel is determined on the level o f ambient VEGF-A. In the
presence o f abundant VEGF-A, Ang-2 promotes vessel sprouting by blocking a
stablising Ang-1 signal, whereas in the absence o f VEGF-A, Ang-2 inhibition o f
a constitutive Ang-1 signal contributes to vessel regression, (modified from
Yancopoulos et al (2000) Vascular-specific growth factors and blood vessel
formation. Nature, 407, 242-8).
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pathological situations as will be described later in this section then the Ang and
VEGF families play a prominent role. Firstly, the vessels could be destabilised by
Ang-2. Then the fate of a vessel is determined on the level of ambient VEGF-A.
In the presence of abundant VEGF-A, Ang-2 can promote vessel sprouting by
blocking a stabilising Ang-1 signal, whereas in the absence of VEGF-A, Ang-2
inhibition of a constitutive Ang-1 signal can contribute to vessel regression.

Kidney Blood Vessels Develop by Vasculogenesis and Angiogenesis
With regard to murine metanephric vessel development, there is some
experimental data available that suggests that vasculogenesis and angiogenesis
both occur in the kidney. Two sets of experiments support angiogenesis. Firstly,
endothelial cells do not thrive when metanephric explants are grown in a standard,
normoxic 21% 0% atmosphere in defined media (Bernstein, et al, 1981). This
argues against the presence of endothelial cell precursors in the kidney. Secondly,
when the avascular mouse metanephroi is transplanted onto the quail
chorioallantoic membrane, the glomeruli that develop are invaded by the avian
host endothelia, which can be identified by their characteristic nucleolar marker
(Sariola et al, 1983). An inference from this experiment is that mesenchymal or
ureteric-bud derived cells produce growth factors, which summon endothelial
cells from distant sites, and hence that angiogenesis is the mode of glomerular
capillary formation.

However, a hypoxic culture of metanephric explants upregulate levels of
metanephric VEGF and enhances endothelial cell proliferation (Tufro-McReddie
et al, 1997). The addition of VEGF to explants grown in air also enhances vessel
formation (Robert et al, 1998). Moreover, transplantation of metanephroi to the
anterior eye chamber results in the generation of implant-derived glomerular
endothelial cells (Tufro et al, 1999). Finally, using Tie-l/LacZ mice, Loughna et al
implanted E l l Tie-l/LacZ metanephric kidneys into the nephrogenic cortex of
wild-type neonatal kidneys. Transgene-expressing glomerular and stromal
capillaries develop within capillaries (Loughna et al, 1997). These experiments
suggest that endothelial cell precursors are present in the early metanephros and
their growth is enhanced by VEGF.
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The expression of the Ang and VEGF family is described in the previous chapter
of my thesis. The expression and timing of these molecules indicate that there may
be endothelial precursors in the kidney, which are then remodelled by
angiogenesis under the influence of the Ang family. VEGFR-2 transcripts are
expressed by E l 1 mouse renal mesenchymal tissue and subsequently by all
metanephric endothelial cells. Tie-2 immunohistochemical expression then
becomes apparent in the metanephros by E l2.5, when the interstitial capillaries
populate the organ (Kolatsi-Joannou et al, 2001). This is consistent with the
hypothesis that the Tie receptors modulate the growth o f precursors that have
entered the endothelial lineage (Sato et al, 1995).

The role of the VEGF and Ang families in renal capillary formation has been
defined in various studies. Genetic and immunological strategies to block VEGF
in-vivo, has led to the conclusion that this factor is critical for glomerular capillary
growth at later stages of nephrogenesis (Gerber et al, 1999; Kitamoto et al, 1997;
Mattot et al, 2002). The secretion of VEGF-A from cultured kidneys varies
according to the developmental stage and the role of VEGF-A in kidney
development has been studied in-vivo by blocking endogenous VEGF activity
with antibody in newborn mice (Kitamoto et al, 1997). The antibody treated
animals grew normally but vessel formation in the superficial renal cortex is
disturbed, nephrogenic areas diminish and the number of developing nephrons is
reduced. Many abnormal glomeruli, lacking capillary tuAs are observed in the
antibody treated mice (Kitamoto, et al, 1997).

Administration of a soluble VEGF receptor antibody produces similar effects
(Gerber et al, 1999). In these mice, there is a dramatic change in the size of the
kidneys, heart and liver. The kidney histology consists o f an interstitial
haemorrhage at the corticomedullary junction following administration of the
soluble VEGF receptor antibody. There is also a reduction in glomerular capillary
loop numbers when compared to control animals. The capillaries are under
developed and in some instances entirely missing. These alterations are mostly
restricted to juxtamedullary glomeruli. Following soluble VEGF receptor
administration there is an increased mesangial matrix with granular material and
protein deposits.
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After nephrogenesis is complete, podocytes continue to express VEGF-A (Brown
et al, 1992), even though endothelial cell proliferation is exceedingly low in this
location in adults (Kitamura et al, 1998a). Here, the factor has been postulated to
play a role in the maintenance of endothelial cell fenestrae, based on the ability of
VEGF to induce these structures in endothelial cells in-vitro (Esser et al, 1998;
Roberts and Palade, 1995).

A recent study has explored the potential role of Tie-2 in vascular growth in the
kidney (Kolatsi-Joannou et al, 2001). Kolatsi-Joannou and colleagues cultured
E l 2.5 metanephroi that had acquired a network of Tie-2 expressing interstitial
capillaries but had not yet formed glomeruli in control media or with Ang-1 or
VEGF-A. All groups exhibit branching morphology and formation of glomeruli.
The numbers of new glomeruli formed were counted by PECAM protein
expression as an early marker for glomerular capillaries. There was no significant
difference between control and VEGF-A groups, but the number of PECAMexpressing glomeruli is significantly increased in the Ang-1 group. The addition
of Ang-1 and VEGF-A did not result in an increase of vascularised glomeruli.
These results are consistent with the hypothesis that Tie-2 has a role in vascular
growth in the early stages of mammalian nephrogenesis, especially the population
of glomerular endothelial cells.

Ang and VEGF in Disease
Recent evidence suggests that the Ang and VEGF families play a role in various
disease states. There have been some studies investigating the role of vascular
growth on renal disease, which will be discussed in detail in the next chapter of
my Introduction. In summary, data from these studies indicate that the balance
between pro-angiogenic and anti-angiogenic molecules is important in
determining endothelial cell fate in renal disease. In anti-GBM glomerulonephritis
there is endothelial cell apoptosis with a corresponding anti-angiogenic pattern of
increasing Ang-2 and decreasing Ang-1 and VEGF-A (Yuan et al, 2002). In
addition, more functional studies using VEGF-A are able to prevent renal disease.
In a Thy-1 model of glomerulonephritis there is a glomerular endothelial cell
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proliferation. Ostendorf and colleagues showed that blockade of capillary repair in
this model can occur by inhibition of VEGF-A (Ostendorf et al, 1999). Masuda et
al have demonstrated that VEGF-A enhances capillary repair in this model and
improves renal function (Masuda et al, 2001).

VEGF and the Ang families play a role in other disease states, in particular
tumour biology. Tumours are populations o f host-derived cells that have lost the
ability to regulate growth (Papetti and Herman, 2002). In 1971, Folkman
postulated that tumour growth depends on the induction of vessel growth
(Folkman, 1971). Tumours contain blood vessels that are structurally and
functionally abnormal. They are highly disorganised, dilated with an uneven
diameter and have excessive branching (Papetti and Herman, 2002).

Recent studies show that there is an uneven balance of vascular growth factors in
tumours. Expression of VEGF-A and its receptor increases in metatastic human
colon carcinomas (Takahashi et al, 1995). VEGF-A expression is also closely
associated with increased microvessel density and poor prognosis in breast cancer
patients (Toi et al, 1996). Finally, intraperitioneal administration of anti-VEGF
antibody in mice with tumours significantly decreases tumour vessel density and
suppresses tumour cell growth (Kim et al, 2000a).

Ang-2 is also thought to play a role in tumour angiogenesis (Papetti and Herman,
2002). In the presence o f VEGF-A, Ang-2 induced destabilisation of vessels
renders them plastic and more responsive to VEGF-mediated growth
(Maisonpierre et al, 1997). However, studies of the role of the angiopoietins in
cancer provide conflicting evidence regarding their role. In 23 samples of
hepatocellular carcinomas (HCC) and adjacent normal liver tissue the expression
of Ang-1 and Ang-2 is known (Tanaka et al, 1999). Ang-1 is equally expressed in
HCC and normal liver tissue. In contrast, Ang-2 is highly expressed in 10 of 12
HCC samples. Colorectal cancers also overexpress Ang-2 when compared to
normal samples (Yoshida et al, 1999). High expression levels of Ang-2 are found
at sites o f active vascular remodelling in the vascularised tumours of humans,
animal models of Lewis lung carcinoma (LLC) and in rat mammary carcinoma
cells in-vitro. (Holash et al, 1999). However, overexpression of Ang-2 and not
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Ang-1 inhibits the metastic tumour formation in mammary carcinoma cell lines
(Yu and Stamenkovic, 2001). Therefore, the role of vascular growth factors in
cancers and metastasis is not understood at this time and may be cancer-type
specific.

Diabetic retinopathy is a major cause of irreversible blindness (Joussen et ai,
2001). The adhesion of leukocytes to the retinal vasculature occurs via
intercellular adhesion molecule-1 (ICAM-1) (Miyamoto et al, 1999). Once
leukocyte adhesion occurs, endothelial cell injury ensures, as does blood-retinal
barrier breakdown (Joussen et al, 2001). Ang-1 given to newly diabetic rats,
normalised retinal VEGF-A and ICAM-1 mRNA and protein levels, molecules
that are increased in this disease. Ang-1 injection also leads to reductions in
leukocyte adhesion, endothelial cell injury and blood-retinal barrier breakdown
(Joussen et al, 2002). When an adenovirus coding for Ang-1 is given systemically
to mice with established diabetes, it similarly inhibits leukocyte adhesion and
endothelial injury and blood-retinal barrier breakdown (Joussen et al, 2002).

The Ang and VEGF families are crucial for gastroduodenal ulcer healing as they
promote angiogenesis enabling delivery of oxygen and nutrients to the site of
injury (Jones et al, 2001b). A single local injection of plasmids encoding for
VEGFi65 and Ang-1 significantly increases the neovascularisation and healing of
gastric ulcers induced in mice by acetic acid. A neutralising anti-VEGF antibody
significantly reduces the acceleration of ulcer healing resulting from this
treatment. Co-injection o f both plasmids encoding human recombinant VEGF 165
and Ang-1 results in the formation of more mature vessels and a restoration of
gastric glandular structures within the ulcer scar (Jones et al, 2001b).

Partial bladder outlet obstruction is a common complication of benign prostatic
hyperplasia and can lead to severe bladder dysfunction in affected men (Wein,
1995). This dysfunction is associated with a drastic loss of smooth muscle
function and bladder contractility (Wein, 1995). This condition is mimicked in
experimental animal models where a surgical ligation is placed around the urinary
bladder outlet o f a rat or rabbit (Ghafar et al, 2002). Studies on these animal
models show that the bladder becomes hypoxic due to disrupted blood flow.
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which is the impetus for bladder hypertrophy as well as the subsequent
dysfunctions, that develop in this tissue (Levin et al, 1986). The protein
expression of VEGF-A and Ang-1 is upregulated in this model of bladder
obstruction indicating an angiogenic response following hypoxia in this model
(Ghafar et al, 2002).

The Ang and VEGF families can also modulate neovascularisation in a rabbit
model of hindlimb ischemia (Shyu et al, 1998). Gene transfer of plasmid DNA for
either Ang-1 or VEGF-A in this model increases blood pressure, angiographic
score, blood flow in the ischemic limb, capillary density and capillary/muscle
fibre ratio (Shyu et al, 1998; Tsurumi et al, 1996). Neovascularisation is not
enhanced by Ang-2 (Shyu et al, 1998). These results suggest that Ang-1 may
modulated neovascularisation in adult animals and represent a feasible therapeutic
strategy for patients with tissue ischemia.

Psoriasis is a chronic inflammatory disorder in which epidermal proliferation is
closely associated with a microvascular expansion in the skin (Kuroda et al,
2001). Ang-1, Ang-2 and Tie-2 is upregulated in psoriasis skin (Kuroda et al,
2001). VEGF-A also increases in psoriasis (Detmar et al, 1994). This indicates
that the angiopoietin-Tie-2 system may act co-ordinately with VEGF-A to
promote neovascularisation in psoriasis.

Finally, angiogenesis is an essential component of endometrial repair and
regeneration following menses. Perturbation of this process is associated with
menorrhagia, a common gynaecological disorder that results in excessive
menstrual bleeding (Kooy et al, 1996). Ribonuclease protection assay and western
blot analysis in normal endometrium show that Ang-2 expression is consistently
higher than Ang-1. The expression o f Ang-1 mRNA and protein is not detected in
the endometrium of patients with menorrhagia, while Ang-2 is observed at similar
levels in both normal and menorrhagic endometrium (Hewett et al, 2002). The
results suggest that the angiopoietin/Tie-2 promotes vascular remodelling in
endometrium and loss of normal Ang-1 expression may contribute to the
excessive blood loss observed in menorrhagia.
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In conclusion, VEGF and Ang play a critical role in blood vessel development.
This has led to studies into the expression of these factors in pathological
conditions where defective angiogenesis occurs, such as cancer. The final section
of this introduction will look at the process of acute renal failure, which is the
focus of the study and the potential role of vascular growth factors in this disease
state.
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Chapter 4: Models of Acute Renal Failure
One of the main aims of my thesis is to investigate the role of the Ang family in a
model of acute renal failure (ARF). The rationale behind these experiments will
be described in the following chapter. Firstly, the folic acid model of
nephrotoxicity used for experiments in my thesis and its relationship to the
pathological condition ARF are described. Some recent studies are discussed on
the role of the kidney microcirculation in models of renal disease. The last part of
my thesis involves exploring the responses o f the Ang family following the
application of an inflammatory cytokine, tumour necrosis factor-a (TNF-a) invitro. Therefore, in this chapter, the role of inflammation and TNF-a in models of
renal disease is discussed.

General Aspects of Acute Renal Failure
ARF is characterised by a deterioration of renal function over a period of hours to
days. Glomerular filtration rate (GFR) is reduced and the kidney fails to excrete
nitrogenous waste products and to maintain fluid and electrolyte homeostasis.
Clinically, oliguria is seen as an initial feature of many cases of ARF although
non-oliguric acute renal failure can occur. Significant laboratory findings in ARF
include elevation of blood urea nitrogen, serum creatinine, serum potassium and
urinary sodium excretion. The overall mortality rate for acute renal failure is
between 30-50% (Brady et al, 1996). Therefore, it is important to understand the
pathobiology involved in ARF and to determine novel therapies for this disease.

Figure 4.1 shows the potential causes of ARF of which there are three main
divisions: prerenal failure, intrinsic renal failure and postrenal failure (Lingappa
1995). Prerenal causes of renal failure result from inadequate blood flow to the
kidney whether due to intravascular volume depletion, structural lesions of the
renal arteries or drug effects on renal blood flow. Prerenal failure is the most
frequent cause o f ARF (between 55-60% of all cases) (Brady et al, 1996).

Intrinsic renal failure causes are diseases of the renal parenchyma, specifically
involving the renal tubules, glomeruli or interstitium and accounts for
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decreased effective arterial blood

prerenal failure

volume - hypovolemia, liver failure,
sepsis
renal arterial disease
intrinsic renal failure

ischemia
toxins - antibiotics, radioconstrast
material, anaesthetic agents, heavy
metals, organic solvents
interstitial diseases - acute interstitial
nephritis, autoimmune disease,
infiltrative disease and infectious agents
acute glomerulonephritis
vascular diseases such as vasculitis
tubular obstruction from crystals, such

postrenal failure

as uric acid and calcium oxalate
urinary outflow tracts are obstructed
due to kidney stones, structural lesions
or functional abnormalities

Figure 4.1: The subdivisions of ARF
(adapted from Lingappa (1995). Chapter 11. Renal D iseases in Pathophysiology
o f Disease. An Introduction to Clinical Medicine. E dited by McPhee et al,
published by Appleton and Lange, Stanford, Connecticut, USA pp.278-301).
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approximately 35% of all cases of ARF (Brady et al, 1996). These diseases
include acute interstitial nephritis, autoimmune diseases, infiltrative disease and
infectious agents. Acute glomerulonephritis and vasculitis are also known causes
of intrinsic ARF (Brady et al, 1996).

Some of the above diseases tend to lead to prolonged renal ischemia, which is
frequently associated with major surgery. In the kidney medulla, there is a high
level of metabolic activity, which makes it susceptible to changes in oxygen levels
and therefore ischemic injury (Brezis and Epstein, 1993). Exposure to
nephrotoxins is also a major cause of intrinsic renal failure. The kidney is
susceptible to toxic injury, as it is the principal excretory organ of the body.
Therefore, several toxins pass by the renal tubule in the excretion process and can
cause damage to the tubule structure. Nephrotoxicity occurs via ingestion,
inhalation or cutaneous absorption and can involve a whole range of chemicals,
such as aminoglycoside antibiotics, radioconstrast agents, haem pigments and
other drugs. It is this effect that I will concentrate on in my study as folic acid can
induce dose-dependent nephrotoxicity in mice and rats and cause symptoms of
intrinsic ARF (Byrnes et al, 1972).

5% o f ARF cases are due to postrenal causes (Lingappa, 1995). Within the kidney,
acute tubular obstruction occurs by various crystals, including uric acid or calcium
oxalate (Thadhani et al, 1996). Furthermore, postrenal failure can occur when
urinary outflow tracts become obstructed due to kidney stones, structural lesions
or fimctional abnormalities.

Experimental Models for Studying ARF
Novel and imaginative approaches led to the development of experimental
techniques and models that now serve to direct the biochemical, cellular and
molecular approaches to determine mechanisms of renal disease at the cellular and
subcellular levels. Only by using these techniques can effective therapies for renal
disease be developed.
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There are two ways in which ARF is investigated and both have been utilised in
this thesis. These methods consist of both in-vivo and in-vitro techniques. In-vivo
approaches induce ARF in experimental animals using either ischemia or
nephrotoxins. These studies can define the temporal and spatial expression of
mRNA and protein of molecules that may play an essential role in acute renal
disease. More functional studies can then be performed by exogenous
administration of these molecules of interest to test potential therapies for renal
human disease.

There are two main types of models for inducing ARF in whole animals. The first
is by inducing renal ischemia through the cessation of renal blood flow by
clamping of the renal artery and is the most extensively studied experimental
model o f ARF (Rosen and Heyman, 2001).

Secondly, experimental models for examining nephrotoxic causes of ARF have
been developed. Some of the toxins such as aminoglycosides and radioconstrast
media do not reliably induce ARF in rats. The model of ARF that will be used in
this study and discussed in detail later in this section is the folic acid induced
nephrotoxicity model (Lieberthal and Nigam, 2000).

In-vitro studies assess biochemical effects at the cellular level. Cell lines are
generated from the area of the kidney under study. These cells are then
characterised on the basis of their morphology, membrane constituents,
intracellular proteins, synthesis and release of specific products such as growth
factors and extracellular matrix proteins.

In this way it is possible to isolate homogenous populations of cells, which have a
defined phenotype, and these are the ideal populations to assess the response of
specific cell types to exogenous factors that may be implicated in ARF.
Biochemical pathways can also be investigated such as ligand binding, receptor
kinetics and intercellular signalling pathways. The main limitation of cells in
culture is that they undergo a variety of phenotypic changes driven by the
adaptations to survive in-vitro as well as shifting to a more proliferative state that
may not reflect the in-vivo situation.
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Using both in-vivo and in-vitro models, crucial data is obtained that will provide
an insight to the mechanisms of renal disease. This data is then used to help to
design potential therapies for use in a clinical setting. Results from these methods
are described in the next sections of my thesis when the pathophysiology of ARF
is considered.

Pathophysiology of Acute Renal Failure
Regardless of the origin of ARF, the majority of cases result in the
histopathological situation of acute tubular necrosis (ATN), with death and
sloughing of cells that make up the renal tubule. The process of ATN can either be
reversible, with prevention and recovery, or irreversible with a permanent loss of
renal function. The histopathological features of ATN are encountered in the folic
acid experiments performed in my thesis.

In ATN, the kidneys become grossly enlarged. The combined weight of both
kidneys increases by 25-30% due to extensive interstitial oedema (Kashgarian,
1998). Histologically, the majority of glomeruli in the kidney are unaffected in
ATN although some may collapse and have a dilated Bowman’s space
(Kashgarian, 1998).

The area of the kidney most affected in the process of ATN is the tubules. The
subsets o f tubules in the kidney affected by ATN depend on whether the cause is
from ischemia or nephrotoxicity. Tubular damage by ischemia tends to affect
relative short lengths o f the proximal tubule and focal areas of the ascending limb
of the loop of Henle. Toxic ARF causes more extensive tubular damage in the
proximal tubule (Kashgarian, 1998).

In the acute phase of ATN, the proximal tubules are dilated and lined with a
flattened epithelium and have a thinner brush border. In the distal segment of the
nephron, casts consisting of nephrotoxins and cellular debris form causing further
tubular obstruction. These casts cause an increase in intratubular pressure and a
reduced GFR in the kidney (Brady et al, 1996).
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In the early phase of ATN, cellular changes can range from minimal alterations to
severe cell swelling and individual epithelial tubule cell death. The majority of
cell death in ATN occurs through the process of necrosis (Ueda and Shah, 2000).
Necrosis is accompanied by tissue damage leading to a collapse of the internal
homeostasis of the cell (Ueda and Shah, 2000). It is characterised by cell swelling
with an early loss of plasma membrane integrity, major changes to the organelles
and swelling of the nucleus. Affected cells rupture and the cellular components
spill into the surrounding tissue space, evoking an inflammatory response (Ueda
and Shah, 2000). Necrosis of individual epithelial tubule cells leads to denudation
of the basement membrane and shredding o f both necrotic and viable epithelial
cells into the tubular lumen hence causing tubule obstruction (Brady et al, 1996).

In the early phase of ATN, tubular epithelial cells undergo cell death by the
process o f apoptosis (Ueda et al, 2000). A study by Schumer et al showed that
apoptosis occurs in the in rat kidney cortex 12 hours following ischemiareperfusion injury (Schumer et al, 1992). In apoptosis, the tubular epithelial cells
undergo morphological and biochemical changes in their nucleus in which
chromatin rapidly forms a dense crescent-shaped aggregate lining the nuclear
membrane (Kerr et al, 1972). Complex invaginations develop in the nuclear
membrane, resulting in a segregated nucleus. The plasma membrane becomes
convoluted, so that the cells separate into a cluster of membrane-bound segments,
known as apoptotic bodies, which often contain morphologically normal
mitochondria and other cellular organelles. At this stage, there are changes in the
surface o f the cells and they are immediately phagocytised by macrophages
without causing an inflammatory response (Ueda and Shah, 2000).

Cell death in the acute phase of ATN is thought to be due to hypoxia caused by
injury and loss to the microcirculation. In ATN, a 40-50% reduction is observed in
renal blood flow (Andrade et al, 1998; Dubourg et al, 2000). The role of blood
vessels in ATN will be discussed in detail in the following section of this chapter.

Oxygen deprivation causes a decrease in the cellular ATP stores of the kidney that
initiates a cascade of biochemical events leading to cellular dysfunction, injury
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and death. Depletion of ATP also affects ion gradients maintained by ATP across
cell membrane. Also, ATP depletion causes alterations to the cell cytoskeleton
which allows necrotic cells to move into the tubular lumen and contribute to cast
formation. A lack of ATP causes activation of various enzymes, such as
phospholipases, which can alter the permeability of cell membranes and change
the energetic properties of the membrane. All of the above effects lead to tubule
cell dysfunction and eventually cell death (Brezis and Epstein, 1993; Thadhani et
al, 1996).

Following this period o f necrosis, the damage to the kidney tends to be reversible
with tubule epithelial cells regenerating under the influence o f growth factors
released in the kidney (Brady et al, 1996). There may be a mild inflammatory
infiltrate consisting of a small number of lymphocytes, macrophages and
neutrophils and occasionally eosinophils (Okusa, 2002). Epithelial cells proliferate
and regenerate and are identified by the presence of flattened epithelial cells,
which over several days become cubiodal, then columnar and finally develop a
normal tubular architecture (Brady et al, 1996). Apoptosis may also occur in the
regenerating areas after renal injury to compensate for the proliferating tubule
epithelial cells in a compensatory fashion after renal injury (Ortiz et al, 1996).
Shimizu et al observed after 60 minutes of ischemia to induce ARF, an early peak
of necrosis and apoptosis occurs in the first 48-72 hours of ARF, followed by a
second, bigger peak of apoptosis after 7-14 days when regeneration occurs after
the induction of ARF (Shimizu and Yamanaka, 1993).

Pathophysiology of ARF - Vascular Changes in Models of Renal Disease
The cellular changes I have described above in ATN concentrate on the epithelial
cells in the tubules of the kidney. However, the main interest in my thesis is the
role o f the vascular system in models of renal disease. Recent evidence indicates
that the renal vasculature is important in the progression of ATN. In ATN, a 4050% reduction in renal blood flow is observed (Andrade et al, 1998; Dubourg et
al, 2000). This is caused by intrarenal vasoconstriction caused due to an imbalance
between vasoconstrictive and vasodilative factors. The reduction in renal blood
flow causes a decrease in the oxygen supply in the kidney and many of the
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biochemical changes that occur in ATN that may explain some of the changes in
epithelial cell function.

Recent studies investigate endothelial cell proliferation and remodelling in various
models of renal disease. These studies tend to concentrate on models where the
kidney fails to recover from the initial insult, unlike the case in ARF. Some of
these animal models have an insult that concentrates its effect on the glomerulus
of the kidney. The anti-glomerular basement membrane (GBM) model induces
glomerulonephritis resulting from an immune initiated, leukocyte-mediated
inflammatory response directed against an antigen (sheep globulin) planted in the
glomerular basement membrane (Yuan et al, 2002). The injection results in a
proliferative and crescentric glomerulonephritis, characterised by glomerular
accumulation of macrophages, proliferation of intrinsic glomerular cells and fibrin
deposition (Ophascharoensuk et al, 1998). Glomerular sclerosis, interstitial
inflammation and renal impairment develop secondarily to the glomerular
inflammatory response. Local fibrin deposition contribute to crescent formation,
sclerosis and renal impairment (Drew et al, 2001) and plasminogen activators
produced by endothelial cells and leukocytes play an important role in regulating
this process (Kitching et al, 1997).

In the anti-GBM model there is an initial early proliferative response of the
glomerular endothelium in rats (Shimizu et al, 1997). This proliferation is not
sustained and there is a subsequent loss o f endothelia in the glomerulus due to
apoptosis as assessed by in-situ end labelling and electron microscopy (Yuan et al,
2002). A similar situation occurs in the interstitium of the kidney. Later in the
progression of the disease model most of the peritubular capillaries are severely
damaged or lost and tubulointestital scarring is seen in these affected areas
(Ohashi et al, 2000). The destruction of the peritubular capillaries correlates
significantly with the impairment of renal function in anti-GBM model.

Other studies use animal models of tubular damage to assess endothelial cell
turnover. A well-established model of tubular damage is the chronic unilateral
ureteral obstruction model in rats. The animals in this model have marked tubular
atrophy and interstitial fibrosis (Chevalier et al, 1999; Sharma et al, 1993). In the
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first week o f the disease period, an early unsustained angiogenic response occurs
in the peritubular capillaries (Ohashi et al, 2002). During the subsequent two
weeks, peritubular capillaries numbers decrease and also the lumen size of
remaining capillaries regress demonstrating endothelial cell apoptosis (Ohashi et
al, 2002).

The remnant kidney model involves a surgical operation where a section of the
kidney is removed and animals develop severe tubulo-interstital lesions (Kliem et
al, 1996; Terzi et al, 1997). The reduction of renal mass triggers molecular and
cellular events promoting compensatory growth of the remaining nephrons
(Hostetter, 1995). In studies of the renal microcirculation in rats with remnant
kidneys, similar results as described above for other models of renal disease are
observed. There is an initial proliferative response in the peritubular capillaries
(Kitamura et al, 1998b). Later in this model there is a progressive loss of
peritubular capillaries (Kang et al, 2002).

Interestingly, in contrast, in a model of 75% surgical nephron reduction in mice
there is significant remodelling and proliferation occurring in renal cortical
peritubular capillaries following experimental nephron reduction. The
proliferation occurs throughout the progression of renal disease, not just in the
early stages as previously described for rats (Pillebout et al, 2001). This may be
relevant to my thesis as the folic acid nephrotoxicity model is performed in mice
and there may be species differences in the vascular responses in the different
renal models of disease that need to be considered. This study also shows that
there are differences in the renal microcirculation responses between different
strains of mice and this needs to be considered when evaluating animal model
studies.

There are some recently published studies on the potential role of endothelial cells
in ischemia-induced ARF in male rats. Four, eight and forty weeks following
induction o f ARF there is a 30-50% reduction in peritubular capillary density in
the inner stripe o f the outer medulla in post-ARF groups versus sham animals
(Basile et al, 2001). In a separate study, Brodsky et al attempted to recover ARF
function following ischemic-induced injury by transplanting endothelial cells or
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surrogate cells expressing endothelial nitric oxide synthase into rats subjected to
renal artery clamping. Implantation of endothelial cells or their surrogates in the
renal microcirculation results in a dramatic functional protection of ischemic
kidneys (Brodsky et al, 2002).

Other investigators have attempted to assess the response of renal capillaries in
humans with chronic renal failure associated with a variety of primary insults
(Bohle et al, 1996; Seron et al, 1990; Konda et al, 1999). For example, Seron and
colleagues (Seron et al, 1990) assessed peritubular capillary cross-sections per
area using two endothelial antibodies and reported that this parameter was reduced
in patients versus normals and correlated with the degree of interstitial damage
and reduction of whole kidney glomerular filtration rate. In a review, Bohle and
colleagues (Bohle et al, 1996) presented evidence that there is a paucity of vessels
in various types of human glomerulonephritis and interstitial diseases based on
measuring the number and area of intertubular capillaries. In contrast, a recent
detailed study by Konda and colleagues (Konda et al, 1999) using CD34 as an
endothelial marker, demonstrated that the microvessel count increased with
increasing interstitial fibrosis in scarred kidneys from patients with lower urinary
tract disease.

The Folic Acid Model
The model of ARF that is investigated throughout my thesis is folic acid
(pteroxyglutamic acid) induced nephrotoxcity. Folic acid (FA) is an essential
nutrient in humans and plays a role in haematopoiesis and proliferation of normal
cells in the body (Parchure et al, 1985).

In 1966, Taylor and colleagues first showed that high-dose (250 mg/kg body
weight) intra-peritoneal injection of FA in mice is associated with experimental
renal pathology (Taylor et al, 1966; Threlfall et al, 1966). These initial studies
focused on an increase in renal weight, protein, RNA and DNA synthesis that
occur following FA-injection (Baserga et al, 1968; Taylor et al, 1968). However, a
temporary renal insufficiency is also detected in these mice and this observation
led to further studies that FA might be able to induce ARF.
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There are now several reports that FA induces dose-dependent nephrotoxicity in
mice and rats (Byrnes et al, 1972; Schubert, 1976). FA nephrotoxicity is
associated with the appearance of FA crystals within the renal tubule and
subsequent epithelial regeneration. On occasion, the nephrotoxic effects are
accompanied by renal cortical scarring (Mullin et al, 1976). The regeneration
period following FA nephrotoxicity is the period when the protein, DNA and
RNA synthesis increases in the kidney as seen by the initial studies by Taylor et al
are observed (Taylor et al, 1966). The damaging effects of FA in the kidney have
been attributed to microscopic tubular obstruction. However, Fink et al observed
that alkalinisation of urine, via co-administration of sodium bicarbonate decreases
crystal deposition but proximal tubular lesions still occur, consistent with a direct
nephrotoxic effect of folic acid (Fink et al, 1987).

Following FA injection there is an oliguric response and within hours the kidneys
are 60% heavier than normal. After FA administration, macroscopically a yellow
colour is seen over the kidney surface. Two hours later, bright yellow streaks
running parallel to the tubules are observed. These are folate deposits and are
predominantly seen in the inner zone of the outer medulla and to a smaller extent
in the cortex. In the outer strip of the outer medulla folate deposits are not easily
observed (Schubert, 1976).

Four-six hours following injection of FA, light microscopy shows that almost all
proximal and distal tubules in the cortex are extremely distended. Dense, cast-like
folate crystals are seen in the brush border of dilated tubules, lumens of the thick
ascending limb o f the loop of Henle, collecting ducts and are also evident in some
epithelial cells (Schubert, 1976).

After FA administration, the proximal tubules contain cytoplasmic blebs and
granules. Electron microscopy shows that there are intercellular alterations in the
proximal tubules including a reduced cytoplasmic density, decreased depth of the
infolding of the basal plasma membrane, rounded mitochondria with moderately
dense matrices and increased size and number of absorption vesicles. Microvilli
are absent where the cytoplasm has formed blebs that protrude into the lumen of
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the tubules. The membranes of some of the epithelial cells of the proximal tubule
are ruptured. The nuclei of these cells are disrupted and the epithelial cells tend to
progress to complete necrosis and sloughing (Byrnes et al, 1972). The distal
tubules show more severe cellular changes than the proximal tubules at timematched intervals after FA administration.

Two to three days following injection of FA, regeneration of cells occurs.
Mitogenic cells are observed in all parts of the nephron, particularly in the distal
segments (Byrnes et al, 1972). FA induced nephropathy involves up-regulation of
molecules that are characteristic of kidney development, including the Pax-2
transcription factor (Imgrund et al, 1999) and the hepatocyte growth factor
receptor; (Liu et al, 1999) an imbalance of cell survival and death molecules, such
as Bcl-2 and Bax; (Ortiz et al, 2000) induction of inflammatory cytokines, such as
tumour necrosis factor-a (TNF-a) (Ortiz et al, 2000) and invasion of macrophages
(Byrnes et al, 1972).

There are some studies regarding the vasculature in the FA model. Zimmermann
et al have observed that there are vascular changes in the rat follovdng a single
subcutaneous injection of 500 mg of folic acid/ kg body weight. Vascular lesions
appear in the arcuate and interlobar arteries several days after injection. The
smooth muscle cells in these areas become necrotic. The vascular lesions are
patchy and irregularly scattered throughout the kidneys, but also in the pancreas,
heart and liver. The fibrous lesions decrease 4 days post-injection and are
accompanied by regeneration of the tubular epithelium and an improvement of
renal function (Zimmermann et al, 1977).
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The Role of Growth Factors in ARF
In this thesis I investigated the expression of vascular growth factors in FAinduced nephrotoxicity. There are several studies describing the role of growth
factors expressed by epithelial cells in the kidney in models o f renal disease.
These studies have generated some interesting preliminary data and have led to
the hypothesis that the use of growth factors may enhance recovery and
regeneration from ARF.

The kidney is a site of synthesis for several growth factors, including epidermal
growth factor (EOF), hepatocyte growth factor (HGF) and insulin-like growth
factor (IGF-1). All of these factors are implicated in the recovery phase of
ARF/ATN (Nigam and Lieberthal, 2000). In the adult kidney, tubular epithelial
cells undergo a very slow turnover (Laurent et al, 1988). Within minutes to hours
of acute injury the epithelial cells enter the cell cycle and are mitogenically highly
active. Growth factors are known to be able to induce this transition and this is
one of their roles in the kidney (Wang and Hirschberg, 1997).

Growth factors that are released from tubular epithelia may also regulate the two
phases of apoptosis in renal disease (Ueda et al, 2000). As already described in
this chapter, apoptosis occurs in two phases, an early peak o f apoptosis in the first
48-72 hours of ARF and a second bigger peak of apoptosis after 7-14 days when
regeneration occurs (Shimizu and Yamanaka, 1993). A deficiency of EGF induces
apoptosis (Lieberthal et al, 1998). In contrast, HGF has been shown to rescue
apoptotic cells by interfering with the Fas pathway (Kopp, 1998).

EGF and EGF receptors are expressed in the distal tubule of the adult kidney.
After ischemic injury, distal tubular EGF expression and urinary excretion of EGF
is reduced. At the site o f ischemic injury, the proximal tubule, EGF levels increase
indicating a role in the regenerating process (Price et al, 1995). Furthermore,
exogenous administration of EGF in rats with nephrotoxic ARF accelerates the
recovery of renal function (Coimbra et al, 1990).
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Similarly, IGF-1 is expressed in some proximal tubule cells and migrating
macrophages after ischemic ARF in the rat suggesting a paracrine action of IGF-1
in the natural repair after tubular injury (Matejka and Jennische, 1992). In
ischemic ARF, exogenous administration o f human recombinant IGF-1
accelerates the return to normal renal function and reduces mortality (Ding et al,
1993). Some preliminary studies using IGF-1 in human patients with chronic renal
disease have been performed. IGF-1 administration raises renal blood flow and
GFR in these patients (Feld and Hirschberg, 1996).

HGF is a growth factor normally expressed in interstitial cells o f the kidney with
its receptor, c-met, expressed in proximal tubules. Studies using in-vivo models of
ischemic or nephrotoxic ARF show that there is increased expression of HGF and
c-met within 12 hours of injury, indicating involvement of HGF in the repair
process (Igawa et al, 1993). As with other growth factors, exogenous HGF
injection in ischemic models of ARF improves renal function and tubular integrity
(Kawaida et al, 1994).

Transforming growth factor-p (TGF-P) is a potent fibrogenic factor and is known
to play a role in regulating normal repair and regeneration after tissue injury.
TGF-P stimulates the synthesis of matrix proteins and decreases ECM degradation
by increasing the amount of proteases in damaged tissues. Local production of
TGF-p by intrinsic renal cells or macrophages invading the kidney may be a
mediator of renal fibrosis, which can occur, in acute renal failure. Transgenic
overexpression of TGF-p can also induce renal disease (Sanderson et al, 1995).

These studies provide an indication that growth factors may be important in acute
renal failure and could potentially be used to enhance recovery from ARF. All of
the factors discussed above act on the tubular epithelial cells of the kidney.
However it is currently unknown whether any of these factors, such as HGF could
act on endothelia and these are potential experiments for the future.

Vascular Growth Factor Expression in Models of Renal Disease
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Evidence that growth factors acting on epithelial cells can enhance recovery and
protect against ARF led to studies on the expression o f vascular growth factors in
models o f ARF. Data from these studies indicate that the balance between proangiogenic and anti-angiogenic molecules is important in determining endothelial
cell fate in renal disease. The expression of the Ang and VEGF families in the
anti-GBM model of renal disease is known. Northern and western blotting
demonstrates that levels of Ang-1, Ang-2 and VEGF-A increase 14 days after
administration of anti-GBM globulin. However, 21 days after injection, when the
glomeruli are sclerotic, only Ang-2 remains elevated, whereas Ang-1 and VEGFA levels are reduced to control levels (Yuan et al, 2002).

Following the induction of anti-GBM glomerulonephritis, there are changes in
vascular growth factor expression in glomeruli as assessed by
immunohistochemistry. VEGF-A and Ang-1 are found in control glomeruli, most
likely in podocytes, which is consistent with previous studies (Brown et al, 1992;
Yuan et al, 1999). Ang-2 protein expression is absent in controls. After anti-GBM
injection, Ang-1 immunolocalisation is completely lost in glomeruli, whether they
are affected by sclerotic lesions or not. Instead, Ang-1 is immunolocalised to
cortical distal tubules, a site where Ang-1 protein couldn’t be detected in controls
(Yuan et al, 2002). In the case of Ang-2, this growth factor became detectable in
glomeruli affected by histological proliferative and/or sclerotic lesions. Ang-2
expression in kidney cells is upregulated by hypoxia and inflammation in
mesangial and endothelial cells respectively in-vitro (Krikun et al, 2000; Yuan et
al, 2000b). Some of these factors may be important in the regulation of Ang-2 in
anti-GBM glomerulonephritis.

It is well established that the biological effects of the angiopoietins depend on the
interplay of these molecules with VEGF-A. In glomerular lesions in the anti-GMB
model, the staining in podocytes for VEGF-A is replaced with a low level of
diffuse immunoreactivity. This pattern o f increased Ang-2 and decreased Ang-1
and VEGF tends to be anti-angiogenic and could enhance endothelial apoptosis in
the anti-GBM model of renal disease (Maisonpierre et al, 1997).
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Studies into the role of VEGF-A in renal disease are more extensive than those for
Ang. In the early proliferative stages of the remnant kidney model, there is an
early increase in the expression of VEGF-A in podocytes of the glomerulus and
the tubular cells of the interstitial capillary network. Over the subsequent loss of
capillaries, there is also a progressive loss in glomerular and tubular VEGF-A
expression (Kang et al, 2001a). Injection of VEGFni into the remnant kidney
prevents damage to the glomerular and peritubular endothelium with an enhanced
proliferative response. There is also a stabilisation of renal function in the VEGFtreated rats, and this correlates with a preservation of glomerular capillary loop
number and a reduction in the severity of tubulointerstitial fibrosis (Kang et al,
2001b).

The role of VEGF-A is investigated through more functional studies to try and
prevent renal disease. In a Thy-1 model o f glomerulonephritis there is glomerular
endothelial cell proliferation. Ostendorf et al showed that blockade of capillary
repair in this model can occur by inhibition of VEGF (Ostendorf et al, 1999). In
addition, Masuda et al have demonstrated that VEGF administration enhances
capillary repair in this model and improves renal function (Masuda et al, 2001).

Finally, in a model of thrombotic microangiopathy in rats the renal perfusion of an
antibody to glomerular and endothelial cells results in apoptosis of the glomerular
and peritubular capillary endothelium. Shortly after the injury there is a
proliferative response o f the glomerular endothelium that is repaired, but the
peritubular capillary endothelium does not completely recover. Administration of
VEGF 121 to these rats increases peritubular capillary density and helps to preserve
renal fimction (Suga et al, 2001).

Thrombospondin-1 (TSP-1) is an anti-angiogenic factor and consists of a high
molecular weight glycoprotein, expressed by a variety o f cell types, especially
platelets and macrophages (Frazier, 1991). TSP-1 is a potent inhibitor of
endothelial cell proliferation and will directly initiate endothelial cell apoptosis
(Guo et al, 1997). TSP-1 in models of progressive renal disease such as the
remnant kidney model is upregulated in areas that have lost glomerular and
peritubular capillaries (Kang et al, 2001a).
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These studies give an indication that vascular growth factors are important in renal
disease. Therefore, it is proposed that the expression of the Ang and VEGF
families plays a role in FA-induced nephrotoxicity and this is determined by
experiments performed in my thesis.
Inflammation in ARF
The last part of the experiments in my thesis involves investigating the responses
of the Ang family following the application of an inflammatory cytokine, tumour
necrosis factor-a (TNF-a). Therefore, the final part of the Introduction of my
thesis describes the role of inflammation and TNF-a in models of renal disease.

In ARF as in many pathological processes inflammation contributes to tissue
injury. At the site of injury in the kidney, blood vessels dilate and their
permeability increases. Neutrophils and monocytes adhere to the lining of the
endothelium of the blood vessels. This sticking process is called margination. The
collected leukocytes then begin to squeeze between the endothelial cells towards
the inflamed area in a process called diapedesis (Okusa, 2002).

The leukocytes release reactive oxygen species, proteases and other enzymes that
damage renal tissues. These substances together with leukotriene B4 and plateletactivating factor (PAF) can increase vascular permeability and upregulate the
expression of adhesion molecules that promote further inflammation (Okusa,
2002). In some cases inflammation is beneficial. The accumulation of specific
leukocytes at the site of injury results in the removal of the initial insult, for
example apoptotic cells or cell debris and causes tissue repair in the damaged
areas. It is the production of cytokines, chemokines and vasoactive substances that
determine whether the inflammatory response heals or progresses renal disease
(Segerer et al, 2000).

Neutrophil accumulation is described in many models of renal injury (Rabb et al,
1997). The time-course shows that neutrophil infiltration following ARF occurs
several days after the injury (Okusa et al, 2000). For neutrophils to act in the

98

inflamed area they need to adhere to endothelial cells. This adhesion occurs
through a complex series of events that involves molecules including selectins and
integrins. One particular adhesion molecule in this process is ICAM-1 (CD54) and
its role in renal disease has been studied (Kelly et al, 1994). ICAM-1 is expressed
on endothelial cells and binds to receptors on neutrophils. Studies by Kelly et al
showed that animals administered antibodies to ICAM-1 or with the ICAM-1 gene
deleted are protected from ischemic renal injury (Kelly et al, 1994; Kelly et al,
1996).

Less information is known about the role of lymphocytes and macrophages in
ARF. Lymphocytes are expressed later in models of renal disease as ARF
progresses (Takada et al, 1997). Rabb et al showed that ARF induced by ischemia
in lymphocyte-deficient mice was associated with a reduction of neutrophils and
severity of injury. Therefore, lymphocytes may facilitate the infiltration of
neutrophils in ARF (Rabb et al, 2000). There is very little study regarding the role
of macrophages in ARF. Macrophages are known to be involved in the early
responses of inflammation in other organs such as the gastrointestinal system. In
this study, the localisation of T-lymphocytes, macrophages and neutrophils in the
folic acid model o f nephrotoxicity is demonstrated.

The Biology of Tumour-Necrosis Factor-a (TNF-a)
In my thesis, the cytokine, TNF-a is used to investigate its affect on the Ang
family. As described earlier in my Introduction, TNF-a can effect the expression
of members of the angiopoietin and VEGF families in a variety of in-vitro cell
culture systems (Kim et al, 2000e; Wiliam et al, 2000). Experiments in this study
use the in-vitro technique of cell culture to investigate the direct effects of TNF-a
on VEGF and Ang expression in distal tubules. Therefore, in the final part of this
Introduction to the concepts involved in my thesis, the biology of TNF-a is

described alongside its biological effects.

TNF-a is a pro-inflammatory cytokine, which contributes to inflammatory injury
in the kidney. Cytokines are small, non-structural proteins with molecular weights
ranging from 8 to 40 kDa. Originally called lymphokines and monokines to
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indicate their cellular source, it has become clear that the term cytokine is the best
description, since nearly all nucleated cells are capable of synthesising these
proteins and are capable, in turn, of responding to them (Dinarello, 2000). There is
no amino acid sequence or three-dimensional structure that links the cytokines, it
is their biological activity that connects them (Dinarello, 2000). All proinflammatory cytokines including TNF-a initiate an inflammatory cascade.
Firstly, TNF-a leads to increased production of prostaglandin A2, cycloxygenase2, inducible nitric oxide synthase, endothelial adhesion molecules and activation
of neutrophils. Upregulation of these molecules in turn causes inflammation,
tissue destruction and a loss of function (Dinarello, 2000).

TNF-a is produced in a wide variety of cell types, including macrophages, Tlymphocytes, B-lymphocytes, neutrophils, endothelial cells and smooth muscle
cells. TNF-a is synthesised by these cells in response to bacterial toxins,
inflammatory products and other invasive stimuli (Tracey and Cerami, 1994).

The gene for human TNF-a encodes a pro-hormone that is inserted into the cell
membrane as a polypeptide with a molecular weight of 26 kDa. This membranebound form of TNF-a is bioactive. In response to stimuli, the 26 kDa form is
proteolytically cleaved into a 17 kDa polypeptide subunit composed of 157 amino
acids (Pennica et al, 1984). Three of these TNF-a monomers associate noncovalently to form a trimer. The resultant bell-shaped trimeric form is the
predominant bioactive form of TNF-a in serum and other body fluids (Jones et al,
1989).

There are two TNF-a receptors termed type 1 (TNFRl) and type II (TNFR2).
TNFRl is ubiquitously distributed on cells such as fibroblasts and epithelial cells,
whilst TNFR2 is more restricted, being confined mainly to cells of haematopoietic
origin (Baud and Karin 2001). Receptor-ligand binding leads to the clustering of
three receptors to one trimer of TNF-a. The two receptors show structural
homology in the extracellular TNF-binding domains and exhibit similar binding
affinities for TNF-a, but they induce separate cytoplasmic signalling pathways
following receptor-ligand binding (Baud and Karin 2001).
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At the cellular level, TNF-a is known to mediate a wide spectrum of responses.
The biological effect of TNF-a is dose-dependent. The effects of an acute highdose of TNF-a exposure differ from the effects of repeated exposure to lower
doses of TNF-a and may account for its varied roles (Tracey and Cerami, 1994).

One o f the roles of TNF-a is in angiogenesis. Membrane-bound TNF-a can
induce angiogenesis and synergise with VEGF-A to augment vascular
permeability. Neutralising antibodies to TNF-a abolish the increase of vascular
permeability following dual treatment with VEGF-A and TNF-a (Clauss et al,
2001). High-dose TNF-a is shown in some clinical studies to improve cancer
tumours. Addition of high-dose TNF-a in isolated limb perfusion in combination
with chemotherapy on melanomas of the limbs spared normal growing blood
vessels while causing the destruction of tumour associated vessels (Lienard et al,
1992).

The wide spectrum o f TNF-a responses may be related to the varied signalling
pathways that TNF-a can activate. It is currently known that TNF-a can activate
two signalling pathways as seen in Figure 4.2. One of these pathways leads to the
activation of new gene transcription and the other causes cell death. The actual
physiological importance of TNF-a induced cell changes is unknown, but these
processes will be important to consider in my in-vitro study using TNF-a as they
may account for the mechanism of TNF-a action on the Ang family.
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Figure 4.2: Signal transduction by TNF-a can induce gene transcription
or apoptosis.

Activation o f AP-1 or NF- kB by TNF-a causes gene transcription,
while enhancement o f the caspase pathway leads to apoptosis (adapted from
Baud and Karin (2001) Trends in Cell Biology 11:372-7).
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The first step in both of the processes of gene activation and apoptosis is the
binding of TNF-a to TNFRl. Then a protein known as TNFR-1 associated death
domain protein (TRADD) is recruited (Hsu et al, 1996) which serves as a platform
to recruit three additional mediators, receptor interacting protein 1 (RIP-1) and
TNF-receptor-associated factor 2 (TRAF2) which are involved in the gene
transcription of protein and the Fas-associated death domain protein (FADD)
involved in apoptosis (Baud and Karin, 2001).

Gene activation by TNF-a occurs via transcription factors. Transcription factors
are proteins that have domains that bind DNA and regulate the expression of other
genes. They function to enhance or switch off the transcription of mRNA. After
recruiting, RIP-1 and TRAF2, TNF-a can induce the production of nuclear factor
kB

(N F- kB ) (Barnes and Karin, 1997) and activating protein- 1 (AP-1) (Karin et

al, 1997). In basal conditions, N F - kB resides in the cytosol complexed to its
inhibitor, the IkB family of proteins. After TNF-a treatment, IkB is
phosphorylated which causes its degradation (Baldwin, 1996). Free N F - kB then
translocates to the nucleus where it activates transcription of genes (Karin and Ben
Neriah, 2000). AP-1 is a member of transcriptional activators that form
heterodimers with c-Jun and Fos. AP-1 activation is regulated by TNF-a by
causing this complex to be induced and therefore activating the transcription
factor (Ledgerwood et al, 1999).

TNF-a induces necrotic or apoptotic cell death depending on variables such as
cell type, dose of TNF-a and exposure time. It is well established that TNF-a
induces cell death via a family of molecules known as the caspases that initiate
downstream pathways leading to apoptosis (Ledgerwood et al, 1999). TNF-a
activates caspase-8 that subsequently activates caspase-3, which in turn cleaves
multiple cellular proteins resulting in cell death (Rath and Aggarwal, 1999).

TNFRl is the main receptor responsible for cell death. However, under certain
circumstances, TNFR2 either enhances cell death mediated by TNFRl or can
induce death independently. Occupancy of TNFR2 results in direct recruitment of
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TRAF2, that leads to activation of pathways, which alter gene transcription, such
as NF-kB in the majority of circumstances (Rothe et al, 1995).

TNF and ARF
There are some studies that have investigated the potential role of TNF-a and its
receptors in ARF. Cisplatin is an effective chemotherapeutic agent used in the
treatment of a wide variety of adult malignancies. Cisplatin is also used in mice to
induce ARF (Lieberthal et al, 1996). mRNA expression of TNF-a in this model is
significantly increased as assessed by ribonuclease protection assays and RT-PCR.
In addition, serum, kidney and urine levels of TNF-a measured by ELISA in these
mice are increased by cisplatin (Ramesh and Reeves, 2002). Pentoxifylline (PTX),
an inhibitor of TNF-a production and injection of TNF-a antibodies reduce the
serum and kidney TNF-a protein levels in the cisplatin-induced model. In
addition, the TNF-a inhibitors ameliorate renal dysfunction and structural damage
o f the kidney in this model (Ramesh and Reeves, 2002).

In the FA-model of ARF, TNF-a protein levels increase in the progression of
ARF as evaluated by immunohistochemistry and western blotting (Ortiz et al,
2000). Sakini and colleagues used Shiga toxins as another method of inducing
ARF. Northern blot analysis in this study shows that Shiga toxin induced ARF
causes increased TNF-a production through transcriptional activation. Increased
levels of TNF-a mRNA are preceded by the nuclear translocation of the
transcriptional activators NF-kB and AP-1 and the loss of cytoplasmic IkB (Sakiri
et al, 1998).

Similar data is reported for the TNF receptors. Bacterial endotoxin (LPS) is
responsible for much of the widespread inflammatory response seen in sepsis, a
condition often accompanied by ARF (Bone, 1991). Mice deficient in TNFRl are
resistant to LPS-induced ARF and have less apoptosis in renal cells and fewer
neutrophils infiltrating the kidney following LPS administration (Cunningham et
al, 2002). Administration of anti-TNF-a or soluble recombinant TNFRl blocks
the upregulation of intracellular adhesion molecule-1 (ICAM-1) in nephrotoxic
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nephritis indicating that TNF-a contributes to increased macrophage migration in
the renal interstitium of the affected kidney. (Mulligan et al, 1993)

There appears to be two phases of TNF-a induction in ARF. In ischemia /
reperfusion injury, TNF-a induction occurs early on in the disease model,
indicating that TNF-a is produced by intrinsic cells of the kidney, rather than
inflammatory cells which accumulate in the kidney later, during the proinflammatory phase of renal injury (Deng et al, 2001). Cisplatin-related
nephrotoxicity shows that TNF-a is also induced in the later, pro-inflammatory
phase of TNF-a mediated renal injury (Ramesh and Reeves, 2002). This phase of
injury is characterised by accelerated production of cytokines and chemokines by
all types of renal cells (Segerer et al, 2000). Increased TNF-a leads to the
recruitment and accumulation of inflammatory cells including neutrophils,
monocytes and T-lymphocytes (Rovin and Phan, 1998).

In conclusion, I have described the rationale for the potential use of vascular
growth factors in studies of ARF. This is investigated in this thesis in a model of
nephrotoxicity induced by FA. Cytokines are produced by inflammatory cells or
in the kidney and contribute to renal disease. It is hypothesised that cytokines may
be a potential mechanism for growth factor regulation in renal injury and this is
investigated with reference to vascular growth factors in an in-vitro system in my
thesis.
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Chapter 5: Experimental Strategy
Hypotheses
The research undertaken in this thesis will aim to answer a number of hypotheses,
as described below.

1) In a model of folic acid induced nephrotoxicity there is endothelial cell
turnover.

2) Changes in the expression of the angiopoietin and VEGF family occur in the
folic acid induced nephrotoxicity.

3) In folic acid induced nephrotoxicity there is an inflammatory response,
mediated by macrophages, neutrophils and lymphocytes, associated with
expression o f pro-inflammatory cytokines.

4) The pro-inflammatory cytokine, tumour necrosis factor-a contributes to the
regulation of the angiopoietin and VEGF expression by renal tubule epithelia. Invivo and in-vitro experiments.

In-Vivo and In-Vitro experiments
To achieve the above aims, experiments were performed, as outlined below,
utilising in-vivo and in-vitro techniques.

1) Eight-week-old male GDI mice were administered folic acid (FA) (240 mg/kg)
in vehicle (0.2 ml of 0.3 M sodium bicarbonate (NaHC03)) or vehicle only by
intraperitoneal injection. This FA dose reliably induces severe nephrotoxicity, as
assessed by histological examination, but is associated with a mortality rate of
<5% for the experimental period (Bosch et al, 1993). Kidneys were collected at 1,
2, 3, 7 and 14 days, with six-FA-treated and three vehicle-treated animals at each
time point to assess injury and regeneration of the kidney in the FA-treated mice.
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Histological changes were observed and compared to previous studies of FAinduced nephrotoxicity.

2) Endothelial cell turnover was assessed in FA-induced animals and compared to
vehicle-treated animals. Kidney sections were probed with the endothelial cell
marker, CD31 and a marker of proliferation, PCNA.

3) Protein levels of the Ang family were determined in vehicle-and FA-treated
animals during the course of acute damage and subsequent regeneration of the
kidney. The protein expression of Ang-1 and Tie-2 was localised through the use
of antibodies by the process of immunohistochemistry. Quantitative analyses were
performed by western blotting to compare levels of Ang-1, Ang-2 and Tie-2
between time-matched vehicle- and FA-treated mice. Similar experiments were
performed to determine protein levels of VEGF.

4) The expression of Ang-2 in vehicle- and FA- treated kidneys was documented
using a mouse strain that expresses the LacZ reporter gene driven by the Ang-2
promoter (Yuan et al, 2000a). LacZ codes for bacterial p-galactosidase, which is
easily localised in tissues by the Y-ga/ reaction (Loughna et al, 1997; Loughna et
al, 1998). FA was injected into Ang-2/LacZ heterozygous mice and kidneys
dissected for X-gal staining one and three days following injection. A group of
Ang-2/LacZ heterozygous mice were injected with vehicle only and were used as

time-matched controls. Following, X-gal staining, sections were cut,
counterstained with haematoxylin and X-gal staining intensities compared by light
microscopy.

5) The regulation of the Ang family in the FA-model was investigated.
Inflammation was hypothesised as a possible cause of regulation o f the Ang
family. Therefore, visualisation of macrophages, neutrophils and lymphocytes was
determined in the FA-model alongside the expression of pro-inflammatory
cytokines such as EL-ip and TNF-a.
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6) Finally, in-vitro studies determined the direct relationship between the proinflammatory cytokine, TNF-a and the expression of Ang and VEGF using
isolated tubule cells. The effects on protein expression on Ang-1, Ang-2 and
VEGF were determined in distal tubule cell lysates and supernatants stimulated
with TNF-a. The effects of TNF-a on bioactivity was assessed using conditioned
media from distal tubule cells with and without TNF-a stimulation and then
exposed heart endothelial cells in-vitro to determinine Tie-2 phosphorylation.
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Chapter 6: Materials
The reagents used in this thesis were supplied by BDH Ltd (Poole, Dorset, UK)
with the exception of those listed below.

In-Vivo Experimental Models
A normal mouse strain, CDl (Charles River Mouse Farms, Margate, Kent, UK)
was used to induce nephrotoxicity by folic acid. For additional studies, Ang2/LacZ heterozygous mice were obtained from Chitra Suri and George

Yancopoulos of Regeneron Pharmaceuticals Inc, Tarrytown, New York, USA.
Both the Home Office and the Institute of Child Health Animal Welfare
Committee approved the studies involving animals, which were performed for this
thesis.

Eight-week-old male CDl mice were administered folic acid (FA) (240 mg/kg)
(Sigma Chemical Company, Poole, Dorset, UK) in vehicle (0.2 ml of 0.3 M
sodium bicarbonate (NaHCOa)) (Sigma Chemical Company) or vehicle only by
intraperitoneal injection. This FA dose reliably induces severe nephrotoxicity, as
assessed by histological examination, but is associated with a mortality rate of
<5% for the experimental period (Bosch et al, 1993). The condition of the mice
was checked regularly and any in distress were sacrificed by cervical dislocation.
Six control kidneys were analysed before FA administration. Kidneys were
collected at 1, 2, 3, 7 and 14 days, with six-FA treated and three vehicle treated
animals at each time point. Left kidneys were used for immunohistochemistry and
were placed in 4% paraformaldehyde (Sigma Chemical Company) while right
kidneys were placed into liquid nitrogen for protein and RNA analysis.

The expression of Ang-2 in control- and FA- treated kidneys was documented
using a mouse strain that expresses the LacZ reporter gene driven by the Ang-2
promoter (Yuan et al, 2000a). LacZ codes for bacterial p-galactosidase, which is
easily localised in tissues by XhQX-gal reaction (Loughna et al, 1997; Loughna et
al, 1998).
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Ang-2/LacZ heterozygous mice were constructed by Gale and colleagues as

described in a recently published paper (Gale et al, 2002). A promoterless LacZ
gene and Ang-2 gene fragments were used to construct a targeting vector, which
was introduced into embryonic stem cells to disrupt the Ang-2 gene as described
previously for Ang-1 mutants (Suri et al, 1996). Positive clones were used to
create chimeric mice by standard protocols (De Chiara et al, 1996). This resulted
in mice in which the LacZ gene was driven by the Ang-2 promoter (i.e. Ang2/LacZ mice).

For the experiments carried out in this thesis the numbers of heterozygous Ang2/LacZ were expanded by mating the Ang-2/LacZ heterozygous mice obtained

from Chitra Suri and George Yancopoulos of Regeneron Pharmaceuticals Inc,
Tarrytown, New York, USA with wild-type 129SV mice. The resulting offspring
were genotyped by polymerase chain reaction (PGR) using DNA extracted from
postnatal tail snips. Primers were designed to amplify one mutated band (280 bp)
or a wild-type band (380 bp), which were visualised after electrophoresis. The
primers used were 5’ GDT: CTG GGA TCT TGT CTT GGC C; mL2-intronlUSl:
CTT CTC TCT GTG ACT GCT TTG C and neo3’ds85: GAG ATC AGC AGC
CTC TGT TCC.

The kidneys of the Ang-2/LacZ heterozygous mice have been extensively studied
by Yuan and colleagues (Yuan et al, 2000a). The neonatal and adult kidneys of
Ang-2/LacZ heterozygous mice were shown to be normal when compared to wild-

type mice. There was no significant difference between the kidney weights and
number of glomeruli per kidney of Ang-2/LacZ heterozygous mice and wild-type
mice.

FA was injected into Ang-2/LacZ heterozygous mice and kidneys dissected forXgal staining one and three days following injection. A group of Ang-2/LacZ

heterozygous mice were injected with vehicle only and were used as timematched controls. Following, X-gal staining, sections were cut, counterstained
with haematoxylin and X-gal staining intensities compared by light microscopy
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(n=3 for FA- and vehicle- treated Ang-2/LacZ heterozygous mice at each timepoint).

Histology and Immunohistochemistry
Sigma Chemical Company supplied 3-aminopropyltriethoxysilane, bovine serum
albumin (BSA), citric acid, diaminobenzidine (DAB), diaminobenzidine with
metal enhancement, haematoxylin, hydrogen peroxide, periodic acid SchifF,
proteinase, proteinase K and streptavidin-conjugated horseradish peroxidase
antibody.

Other companies supplied the following: Avidin-Biotin blocking kit and rabbit
anti-rat biotin conjugated antibody were obtained from Vector Laboratories
(Burlingame, CA, USA). DAKO (High Wycombe, UK) provided EnVision+
rabbit and mouse kits, any additional secondary antibodies unless otherwise stated
and serum free protein block. Fetal calf serum (FCS) was obtained from Gibco
BRL (Paisley, UK). Histoclear was provided by National Diagnostics (Atlanta,
Georgia, USA). Immunohistohistochemistry zinc fixative was provided by
Pharmingen (San Diego, CA, USA). Oxoid (Basingstoke, UK) supplied phosphate
buffered saline tablets (PBS). Tyramide Signal Amplification biotin labelled kit
was produced by NEN Life Sciences (Boston, MA, USA).

Microscopy
Light microscopy was performed on a Zeiss Axiophot microscope (Carl Zeiss,
Oberkochen, Germany) using objective lenses of 5x, lOx, 20x, 40x and 63x (oil
immersion) magnification. Specimens were photographed using Fuji Super G 100
colour negative, or taken digitally using either a Progress 5012 or Olympus
Camedia C-3030 Digital camera from Olympus (Middlesex, U K).

Images were saved as tagged image format (TfF) files and imported, for labelling,
into Adobe Photoshop (Version 5, Adobe Systems Europe, Edinburgh, UK) or
Microsoft PowerPoint 2000 (Microsoft Corporation, Seattle, USA).

Ill

Western Blotting
Sigma Chemical Company provided 30% acrylamide, ammonium persulphate,
aprotinin, bromophenol blue, Coomassie brilliant blue R-250, glycerol,
phenylmethylsulfonyl fluoride (PMSF), Ponceau S solution, sodium chloride,
sodium deoxycholic acid, sodium orthovandate, N,N,N’,N’
tetramethylethylenediamine (TEMED) and trizma base.

Other companies supplied the following materials. Bicinchoninic acid (BCA)
protein assay kit was produced by Pierce (Rockford, EL, USA). Amersham
Pharmacia Biotech (Little Chalfont, Buckinghamshire, UK) produced enhanced
chemiluminescence (ECL) reagent, Hybond-C nitrocellulose membrane, RPN 800
molecular weight markers and spectrophotometer. 3MM filter paper was obtained
from Whatman (Maidstone, Kent, UK). Bio-Rad (Hemel Hempstead,
Hertfordshire, UK) supplied Mini Protean II cell gel electrophoresis tanks and
trans-blot semi-dry transfer cell for western blotting. Re-blot plus mild solution
was purchased from Chemicon International (Temecula, CA, USA). Genetic
Research Instrumentation (Braintree, Essex, UK) provided saranwrap and X-ray
film.

Reverse-Transcription Polymerase Chain Reaction
Primers for mouse interleukin-ip (IL-ip), tumour necrosis factor-a (TNF-a) and
IBS ribosomal RNA were designed using the GCG computer program and then
synthesised by Sigma Genosys Biotechnologies (Europe) Limited (Pampisford,
Cambridgeshire, UK).

All primers were based on mouse cDNA sequences: IL-lp, 5’ - TGT-GAA-ATGCCA-CCT-TTT-GA (sense primer corresponding to nucleotides (nt) 102-121) and
5’ - AGG-CCA-CAG-GTA-TTT-TGT-CG (antisense primer, nt 594-612)
[Genbank accession number (GA) M15131] (Gray et al, 1986); TNF-a, 5’ ATG-AGC-ACA-GAA-AGC-ATG-ATC (sense primer, nt 157-77) and 5’ - TACAGG-CTT-GTC-ACT-CGA-ATT (antisense primer, nt 412-32) [GANM 013693]
(Fransen et al, 1985; Rui-Mei et al, 1998); IBS ribosomal RNA was also used as a
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loading control. The primers used were sense 5’ -GCT-TGT-CTC-AAA-GATTAA-GCC and antisense 5’ -GAT-AAA-TGC-ACG-CAT-CCC (Kolatsi-Joannou
et al, 2001).

Promega (Southampton, Hampshire, UK) provided pGEM DNA marker, reverse
transcription system kit and Taq DNA polymerase. Sigma Chemical Company
supplied mineral oil. Sequencing of PCR was performed by LARK Technologies
(Saf&on Walden, Essex, UK).

Northern Blotting
Gibco BRL supplied agarose. Sigma Chemical Company produced chloroform,
diethylpyrocarbonate (DEPC), ethidium bromide, ethylenediaminetetraacetic acid
(EDTA), formaldehyde, isopropanol, 3-N-morpholinopropanesulfonic acid
(MOPS), salmon sperm DNA, sodium acetate, Tris-acetate, trisodium citrate and
TRI-Reagent.

Hybridisation buffer and ultra-violet stratalinker was obtained form Strategene
(La Jolla, CA, USA). Promega produced prime-a-gene reaction kit.

X-gal Staining to Detect P-galactosidase
Sigma Chemical Company provided ethylene glycol-bis-N, N, N ’, N ’-tetracetic
acid (EGTA), phenol-chloroform-isoanyl alcohol mixture (25:24:1), potassium
ferricyanide, potassium ferrocyanide and 4-chloro-5-bromo-3-indodyl-p-Dgalactopyranoside {X-gal).

Cell Lines
Murine Distal Convoluted Tubule Cells (DCT)

Murine distal convoluted tubules were obtained from Dr. Peter Friedman,
Department of Pharmacology and Medicine, University of Pittsburgh,
Pennsylvania, USA. Dr. Friedman and colleagues isolated these cells from mouse
kidney cortex using an anti-serum against the Tamm-Horsfall glycoprotein
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(Pizzonia et al, 1991), produced from thick ascending limbs of Henle’s loop
(CAL) and distal convoluted tubules (DCT) in the renal cortex (Prasadan et al,
1995). A second antibody conjugated to coated ferrous particles was then used
that permitted magnetic separation of [CAL+DCT] cells from Tamm-Horsfall
negative renal cortical cells (Pizzonia et al, 1991).

This mixed cell population was then subcultured by Friedman and colleagues to
establish mouse distal convoluted tubule cells using differences between the
pharmacological properties o f DCT and CAL cells (Gesek and Friedman, 1992a).
DCT cells exhibited a phenotype determined in various studies that included; (1)
sodium and chloride uptake that was inhibited by chlorothiazide but not
bumetamide (Gesek and Friedman, 1992a). (2) stimulation of calcium transport by
parathyroid hormone (PTH) and chlorothiazide (Gesek and Friedman, 1992a). (3)
activation o f adenyl cyclase by PTH (Gesek and Friedman, 1992b). These
properties were used to establish a homogenous population of DCT cells that have
been used in numerous studies (Magyar et al, 2002; Sneddon et al, 2000).

Mouse Heart Endothelial Cells

A heart endothelial cell line was obtained from Dr. J. Plendl, Institute for
Veterinary Anatomy, University of Munich, Germany. The cells were a murine
myocardium-derived endothelial cell line (SMHEC4) (Plendl et al, 1995). The
cells were shown by Plendl and colleagues to constitutively express common
molecules that are found on endothelial cells including von Willebrand factorassociated antigen and vascular cell adhesion molecule-1 (VCAM-1) (Plendl et al,
1995).

Tissue Culture Equipment
M edia

Dulbecco’s Modified Eagle Medium / F12 mix (DMEM / F12) and MCDB131
media was supplied by Gibco BRL.
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M edia Supplements

Sigma Chemicals Company supplied: dimethyl sulfoxide (DMSO), antibiotics
solution, trypan blue and L-glutamine. Gibco BRL supplied the heat inactivated
fetal calf serum and sterile phosphate buffered saline. Lactate dehydrogenase kit
was obtained from Roche (Lewes, East Sussex, UK).

Tissue Culture Plasticware

Nunc (Naperville, Illinois, USA) supplied the petri dishes (90mm and 140mm)
and 96 well plates.

Cytokines

Recombinant murine IL-ip and TNF-a were obtained from Research and
Development Systems (Minneapolis, MN, USA). The source for recombinant ILip was a DNA sequence encoding the mature murine IL -lp protein (Gray et al,
1986) expressed in Escherichia coli. The 153 amino acid residue methionyl form
of the recombinant protein has a predicted molecular mass of 17 kDa. The source
for recombinant TNF-a was a DNA sequence encoding mature soluble murine
TNF-a lacking four amino acid residues from the amino terminus (Fransen et al,
1985) was expressed m Escherichia coli. The purified recombinant protein
contained 152 amino acid residues and has a molecular mass of approximately 17
kDa.

In-Vitro Protein Expression Experiments

Sigma Chemical Company provided ammonium sulphate. Protein-A-agarose was
obtained from Santa Cruz Biotechnologies, CA, USA. VEGF-A ELISA kit was
obtained from Research and Development Systems. Vivaspin-20 was produced by
Vivascience (Hanover, Germany).
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Antibodies
Antibodies for Ang-1 and Ang-2
Various antibodies for both Ang-1 and Ang-2 were used throughout this thesis.
Initial experiments were performed on the FA-model with commercially available
antibodies for Ang-1 and Ang-2 from Alpha Diagnostic Laboratories and Santa
Cruz Biotechnologies. Later experiments were performed using new mouse
monoclonal antibodies generated for Ang-1. Generation of the monoclonal
antibody was performed by Dr. Hai Tao Yuan of the Nephro-Urology Unit,
Institute of Child Health. The following section will briefly describe the
generation of monoclonal antibodies and the potential differences between
monoclonal and polyclonal antibodies used in my thesis.

Polyclonal and Monoclonal Antibodies
Antibodies are proteins produced by the vertebrate immune system as a defence
against infection. They are unique among proteins because they are made in many
different forms, each with a different binding site that recognises a target molecule
(or antigen). The precise antigen specificity of antibodies makes them powerful
tools for the cell biologist.

Injecting a sample of the antigen several times into an animal such as a rabbit or a
goat and then collecting the antibody-rich serum produce polyclonal antibodies.
This antiserum contains a heterogeneous mixture of antibodies each produced by a
different B-lymphocyte and against different epiptopes of the structurally complex
immunogen. This means that there can be a large amount of non-specific binding
relative to antigen-specific binding with polyclonal antibodies that may cause high
background readings and cross-reactivity.

To solve this potential difficulty, Kohler and Milstein in 1975 developed an
alternative method, which yields monoclonal specific antibodies (Kohler and
Milstein, 1975). These antibodies are directed towards a single epitope on the
antigen and therefore reducing cross-reactivity. These techniques were used to
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generate a mouse monoclonal antibody to Ang-1. The protocol used for generating
monoclonal antibodies can be seen in Figure 6.1 and is outlined below.
Generation of Monoclonal Antibodies
Immunisation o f M ice

Three-four month old mice were immunized with an antigen that was prepared for
injection by coupling the immunogenic peptide with bovine thyroglobulin. For
Ang-1 a 20 amino acid peptide sequence was used as the immunogenic peptide:
NQR RNP ENG GRR YNRIQH GQ which corresponds to amino acids 21-40 at
the amino-terminus o f mouse Ang-1 in the linker region following the N-terminal
signal sequence and before the conserved coiled-coil domain (Figure 6.2). The
sequence was preceded by a cysteine residue. The peptides were injected
subcutaneously into the mice and given regular boost injections.

Screening o f M ice fo r Antibody Production

After several injections, blood samples were obtained from mice and
measurements o f serum antibodies made. If the levels were low, mice were
boosted until an adequate response was achieved. When sufiScient levels were
obtained, mice were euthanasied and their spleens removed for in-vitro hybridoma
cell production.

Preparation o f Myeloma Cells

By fusing antibody-producing spleen cells, which have a limited life span, with
cells derived from an immortal tumour of lymphocytes (myeloma) a hybridoma
capable of unlimited growth was produced. In this case the mouse immortalised
myeloma cell line used was X63-Ag-8.653. Myeloma cells were cultured with 8azagunanine to ensure they were sensitive to the hypoxanthine-aminopterinthymidine (HAT) selection medium used after cell fusion. This selection medium
contained the inhibitor aminopterin, which blocked the synthetic pathways by
which nucleotides are made. The cells must use a bypass
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Figure 6.1: Preparation of monoclonal antibodies

Mice were immunised with the immunogenic peptide coupled to bovine
thyroglobulin. The serum from these mice was screened fo r antibody
measurements and when sufficient levels were obtained their spleens removed fo r
in-vitro hybridoma cell production. Single spleen cells were fu sed with myeloma
cells to produce hybridomas. Hybridoma cells were selected that contained the
antigen and these cells were expanded by in-vitro techniques to grow large
amounts o f antibody (adapted from Current Protocols in Molecular Biology,
edited by Frederick (1998)).
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pathway therefore to synthesise nucleic acids. Only hybrid cells were able to
generate this pathway and therefore grow in this condition and survive.

Fusion o f Myeloma Cells with Spleen Cells

Single spleen cells were obtained from the immunized mouse and then fused with
the myeloma cells. Fusion was achieved by centrifuging spleen cells and myeloma
cells in polyethylene glycol, a substance that causes cell membranes to fuse
together. The cells were then distributed to 96-well plates containing growth
factors that promote the production of the hybridoma cells. They are left for
several days and then the amount of Ang-1 peptide in these cells determined.
Hybridoma cells were selected that contained the antigen and these cells were then
expanded by in-vitro techniques to grow large amounts of antibody.
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O ther Antibodies
Other than the mouse monoclonal Ang-1, the primary antibodies outlined below
were used in this thesis.

Angiopoietin-1 (ANG 11-A, Alpha Diagnostic International, San Antonio, Texas,

USA) used for immunohistochemistry and western blot. A rabbit polyclonal
antibody raised against a 20 amino acid peptide sequence corresponding to amino
acids 21-40 at the amino-terminus of mouse Ang-1 in the linker region following
the N-terminal signal sequence and the first conserved coiled-coil domain (Figure
6.2). This antibody binds to all of the alternative isoforms of Ang-1 (Figure 2.2).
The Ang-1 immunogenic peptide has only 35% homology between both mouse
Ang-2 and Ang-3. The expected size of Ang-1 is 55 kDa for western blotting but
an 70 kDa glycosylated secreted protein in conditioned media from cells
expressing recombinant Ang-1 has been described (Davis et al, 1996).

Angiopoietin-2 (ANG 21-A, Alpha Diagnostic International) used for

immunohistochemistry and western blotting. A rabbit polyclonal antibody raised
against a 21 amino acid peptide sequence corresponding to amino acids 21-41 at
the amino terminus of mouse Ang-2 in the linker region following the B-terminal
signal secretion sequence and the first conserved coiled-coil domain (Figure 6.3).
This antibody binds to all o f the alternative isoforms of Ang-2. The Ang-2
immunogenic peptide has a 38% homology between mouse Ang-1 and 14%
between mouse Ang-3. On western blotting, the predicted size of Ang-2 is 55
kDa. The size o f Ang-2 may be higher due to glycosylation (Maisonpierre et al,
1997).

Angiopoietin-2 (sc-7017, Santa Cruz Biotechnology) used for western blotting. An

affinity purified goat polyclonal antibody raised against a peptide corresponding
to an amino acid sequence at the amino terminus of Ang-2 of mouse origin
(Maisonpierre et al, 1997). This antibody does not cross-react with Ang-1 or Ang3 according to manufacturers datasheet.
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Figure 6.2: Epitope for Ang-1 monoclonal antibody and rabbit polyclonal
antibody obtained from Alpha Diagnostic International (ANG 11-A).

A. Structure o f full-length angiopoietin protein. A ll members o f the angiopoietin
fam ily have a similar protein structure. They have a common N-terminal secretion
signal (brown) follow ed by a coiled-coil domain (blue) and a conserved
fibrinogen-like domain (red) that are connected together by linker regions. B. The
sequence o f the first 50 amino acids o f mouse Ang-1, Ang-2 and Ang-2 are shown
(Davis et al, 1996; Maisonpierre et al, 1997; Valenzuela et al, 1999). The 20
amino acid epitope o f the Ang-1 monoclonal antibody generated by Dr. Hai Tao
Yuan 'in house ’ and rabbit polyclonal antibody obtained from Alpha Diagnostic
International (ANG 11-A) corresponds to amino acids 21-40 o f the mouse Ang-1
sequence. The homology between the Ang-1 antibodies and the mouse Ang-2 and
Ang-3 protein sequences is 35% in both cases.
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Angiopoietin ligand structure

B
First 50 amino acids of m ouse Ang-1, Ang-2 and Ang-3 se qu en ce

Ang-1

l-30aa

MTVFLSFAFF

AAILTHIGCS

NQRRNPENGG

Ang-2

l-30aa

MWGIIFLTFG

WDLVLASAYS

NFRKSVDSTG

Ang-3

l-30aa

MLCQPAMLLD

GLLLLATMAA

AQHRGPEAGG

Ang-1

31-50aa

RRYNRIQHGQ

CAYTFILPEH

Ang-2

31-50aa

RRQYQVQNGP

CSYTFLLPET

Ang-3

31-50aa

HRQIHQVRRG

QCSYTFW PE

Highlighted amino acids show the epitope for Ang-1 monoclonal
antibody generated by Dr Hai Tao Yuan ‘in h o u se ’ and rabbit
polyclonal antibody obtained from Alpha Diagonistic International
(ANG 11-A).

Highlighted amino acids show homology of m ouse Ang-2 and Ang-3
protein se q u e n c e s within the Ang-1 antibody epitope.

Homology between Ang-1 Ab and m ouse Ang-2

= 35%

Homology between Ang-1 Ab and m ouse Ang-3

= 35%
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Figure 6.3: Epitope for Ang-2 rabbit polyclonal antibody obtained from
Alpha Diagnostic International (ANG 21-A)

A. Structure offull-length angiopoietin protein. A ll members o f the angiopoietin
fam ily have a similar protein structure. They have a common N-terminal secretion
signal (brown) follow ed by a coiled-coil domain (blue) and a conserved
fibrinogen-like domain (red) that are connected together by linker regions. B. The
sequence o f the first 50 amino acids o f mouse Ang-1, Ang-2 and Ang-2 are shown
(Davis et al, 1996; Maisonpierre et al, 1997; Valenzuela et al, 1999). The 21
amino acid epitope o f the rabbit polyclonal antibody obtainedfrom Alpha
Diagnostic International (ANG 21-A) corresponds to amino acids 21-41 o f the
mouse Ang-2 sequence. The homology between the Ang-2 antibody and the mouse
Ang-1 protein sequences is 38%. The homology between the Ang-2 antibody and
the mouse Ang-3 protein sequence is 14%.
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Angiopoietin ligand structure

B
First 50 amino acids of m ouse Ang-1, Ang-2 and Ang-3 se q uence

Ang-l

l-30aa

MTVFLSFAFF

AAILTHIGCS

NQRRNPENGG

Ang-2

l-30aa

MWGIIFLTFG

WDLVLASAYS

NFRKSVDSTG

Ang-3

l-30aa

MLCQPAMLLD

GLLLLATMAA

AQHRGPEAGG

Ang-1

31-50aa

RRYNRIQHGQ

CAYTFILPEH

Ang-2

31-50aa

RRQYQVQNGP

CSYTFLLPET

Ang-3

31-50aa

HRQIHQVRRG

QCSYTFW PE

Highlighted amino acids show the epitope for Ang-2 rabbit polyclonal
antibody obtained from Alpha Diagonistic International (ANG 21-A).

Highlighted amino acids show homology of m ouse Ang-1 and Ang-3
protein se q u e n c e s within the Ang-2 antibody epitope.

Homology between Ang-2 Ab and m ouse Ang-1

= 38%

Homology between Ang-2 Ab and m ouse Ang-3

= 14%
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p-actin (A5441, Sigma) used for western blotting. A mouse monoclonal antibody

that recognises an epitope located on the N-terminal end of the p-isoform of actin.
The P-actin levels in cells of various species and tissue origin are very similar and
therefore this antibody can be used as a house-keeping gene for western blotting.

CD3 rat anti-mouse monoclonal antibody (2800 ID, Pharmingen) used for

immunohistochemistry. This antibody reacts with the T-cell receptor CD3
complex, which is expressed on thymocytes and mature T lymphocytes in mouse
(Miescher et al, 1989).

CD31 (PECAM-1) biotin-conjugated rat anti-mouse monoclonal antibody

(09332D, Pharmingen) used for immunohistochemistry. CD31 detects an 130 kDa
integral membrane protein, a member of the immunoglobulin superfamily that
mediates cell-to-cell adhesion (De Lisser et al, 1994). CD31 is expressed
constitutively on the surface of endothelial cells from a variety of tissues (Vanzulli
et al, 1997).

F4/80 Antigen (MCA497, Serotec, Raleigh, NC, USA) used for

immunohistochemistry. A rat anti-mouse antibody, which recognises the mouse
F4/80 antigen, a 160 kDa glycoprotein expressed by murine macrophages (Austyn
and Gordon, 1981). The antibody binds to macrophages from different sites
including the peritoneal cavity, lung, spleen and thymus. The antigen is not
expressed by lymphocytes or polymorphonuclear cells.

Interleukin-1p (IL-1 p) (MAB401, Research and Development Systems). A rat

anti-mouse monoclonal antibody used for immunohistochemistry. This antibody
was produced from a murine hybridoma elicted from a rat immunized with
purified Escherichia coli derived, recombinant mouse IL-ip.

MCA771G (Serotec). A rat anti-mouse neutrophil marker used for

immunohistochemistry. This antibody recognises a polymorphic 40 kDa antigen
expressed by polymorphonuclear cells, but absent on resident tissue macrophages
(Hirsch and Gordon, 1983).
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Proliferating cell nuclear antigen (PCNA) biotin-conjugated mouse anti-human

monoclonal antibody (3255A, PharMingen) used for immunohistochemistry and
western blotting. This antibody recognises PCNA, a DNA polymerase-ôassociated protein expressed in S phase of the cell cycle (Bravo et al, 1987) and a
marker of DNA synthesis.

p-Tyr (sc-7020, Santa Cruz Biotechnology) used for immunoprecipation. A mouse

monoclonal IgGib antibody derived by fusion of mouse myeloma cells with spleen
cells from a mouse immunized with phosphotyrosine conjugated to keyhole limpet
hemocyanin. According to the manufacturers datasheet, p-Tyr can specifically
detect phosphotyrosine-containing proteins. According to manufacturers datasheet
the antibody does not cross-react with phosphoserine or phosphothreonine.

Tie-2 (sc-324, Santa Cruz Biotechnology) used for western blotting and

immunoprecipiatation. A rabbit polyclonal antibody raised against a peptide
corresponding to amino acids 1103-22 mapping at the carboxy terminus of the
precursor form of Tie-2 of mouse origin (Dumont et al, 1992). The antibody does
not have any cross-reactivity with Tie-1 according to the manufacturers datasheet.

Tie-2 rat anti-mouse monoclonal antibody was provided by Toshio Suda,

Department of Cell Differentiation, Institute of Molecular Embryology and
Genetics, Kumamoto University of Medicine, Japan (Hamaguchi et al, 1999) and
used for immunohistochemistry. This antibody was produced using the entire
extracellular domains of murine Tie expressed in cos-7. The proteins produced
were immunised in Wistar rats. Hybridomas were produced by fusion of murine
myeloma cells with splenic cells from immunised rats. Positive clones were
screened by fluorescence-activated cell sorter (FACS) analysis (Yano et al, 1997).

Tumour necrosis factor-a (TNF-a) (sc-1351, Santa Cruz Biotechnology) used for

immunohistochemistry. A goat polyclonal antibody raised against a peptide
mapping at the amino terminus of tumour necrosis factor alpha of mouse origin.
TNF-a can be produced by several different cell types, which include
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lymphocytes, neutrophils and macrophages (Vilcek and Lee, 1991). This antibody
does not have any cross-reactivity with TNF-P according to the manufacturers
datasheet.

VEGF-A (sc-507, Santa Cruz Biotechnology) used for immunohistochemistry. An

affinity-purified rabbit polyclonal antibody raised against a peptide corresponding
to amino acids 1-140 of VEGF-A of human origin. The VEGF-A antibody can
react with VEGF-A of mouse, rat and human origin and recognises the 165, 189
and 121 amino acid splice variants of VEGF-A (Breier et al, 1992; Tischer et al,
1991).

VEGFR-2 (Flk-1) (555307, PharMingen) used for immunohistochemistry. A

purified rat anti-mouse monoclonal antibody for VEGFR-2 (Kataoka et al, 1997).
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Chapter 7: Methodology
Some of the following methods were performed in collaboration with several
members of the Nephro-Urology Unit, Institute of Child Health, London. Dr. Hai
Tao Yuan performed the work to develop an Ang-1 monoclonal antibody,
generate positive controls for Ang-1 and Ang-2 western blotting and also provided
expert advice for the development of the experiments in this project. Dr. Xiao
Zhang Li worked on the role of the VEGF family in the FA model using
immunohistochemistry and northern blotting. Ang-2 immunostaining protocol was
developed in collaboration with Dr. Jolanta Pitera.

Immunohistochemistry
Basic Principles

Immunohistochemical staining allows the detection of protein epitopes in a tissue
section using an antibody, which is specific for the protein of interest (Coons et al,
1955).

In the process of immuohistochemistry tissues were fixed, dehydrated and
embedded in a wax block. Thin sections were cut using a microtone and
transferred to a glass slide. The sections were then rehydrated, pre-treated to
improve antigen exposure and blocked to prevent non-specific antibody binding.
A primary antibody that detects a specific epiptope of the antigen was applied and
an enzyme such as horseradish peroxidase (HR?) or alkaline phosphatase (AP)
attached to the antibody. HRP and AP can be detected histochemically to produce
intensely coloured precipates allowing the protein of interest to be observed under
light microscopy.

Fixation, Embedding and Sectioning

Samples of kidney tissue were fixed immediately after dissection to preserve
tissue morphology. Kidneys were placed in 4% paraformaldehyde (in PBS) and
left for 24 hours at 4°C. Paraformaldehyde formed cross-links both within and
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between proteins, therefore maintaining the morphology of the section. In some
experiments, a zinc fixative was used. Zinc fixative maintained the antigenic sites
and increased penetration of the antibodies in the process of
immunohistochemistry.

The fixed samples were then dehydrated through solutions of increasing alcohol
concentration of 70%, 80%, 90% and 100% ethanol at 4°C. Solutions were
changed at 30 minute intervals and each concentration of ethanol used twice.

The samples were then immersed in Histoclear, twice, for 30 minutes at room
temperature followed by a 1:1 Histoclear:wax mix at 60°C for 1 hour. The wax
was then changed 2 times, each for 30 minutes at 60°C. Samples were then
orientated in a mould and the wax was allowed to set overnight at room
temperature.

Once embedded, the tissues were cut into thin sections of 5 pm using a microtone.
The sections were placed onto slides pre-coated with 3aminopropyltriethoxysilane (2% in acetone washed in distilled water and dried
overnight) and placed in a water-bath at 45°C until any remaining creases were
removed. The slides were dried and stored at room temperature.

Deparaffinisation and Rehydration.

To ensure that the embedding medium was removed prior to staining, tissue
sections were deparaffinised and then rehydrated. The kidney sections on coated
slides were heated to 60°C in an oven for 10 minutes and then immediately placed
in a bath full of Histoclear for 10 minutes two times. Any excess liquid was
removed and then the slides were placed in a graded series of ethanol: 100%
(twice), 90%, 70%, 50% and 30% for one minute each. The slides were placed
under running water for 10 minutes and then in distilled water for a further 5
minutes.

Pre-Treatment o f Sections to Expose Antigens
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There are some tissue antigens that need to be unmasked by enzyme treatment
before optimum immunoperoxidase staining can be achieved. Three different
treatments were used in experiments in my thesis, proteinase type XXIV,
proteinase K or citric acid depending on the antibody to be used (Jones and
Gregory, 1989; Shi et al, 1991). The pre-treatment for each antibody was
determined by preliminary experiments. Sections pre-treated with citric acid (1.9
g/1 in deionised water, pH 6.0) were immersed in a plastic container and
microwaved for 5 minutes at high power and then left to simmer for a further 15
minutes. Sections treated with proteinase (20 pg/ml) and proteinase K (20 pg/ml)
were immersed in a humid chamber at room temperature. Incubation times ranged
from between 15-25 minutes depending on the antibody used. Staining performed
on tissues fixed with zinc required no treatment to improve antigen presentation.
All slides were then washed in running water for 10 minutes.

Blocking o f Endogenous Peroxidase

Before using horseradish peroxidase in immunohistochemistry it was necessary to
quench any endogenous peroxidase that was present in the tissue sections. The
substrate-chromagen reaction used to visualize peroxidase is unable to distinguish
between the extrinsic peroxidase label and endogenous tissue peroxidase. This
was achieved by placing the sections in 3% hydrogen peroxide diluted in either
methanol or distilled water for 30 minutes at room temperature.

Blocking o f Non-Specific Background Staining

Slides were then washed in running tap water for a further 10 minutes and then
dipped in phosphate buffered saline (PBS; pH 7.4) containing 0.1% Tween-20. In
immunohistochemistry there can be a possibility of obtaining non-specific
staining when the molecules of the primary antibody non-specifically attach
themselves to other sites other than where the specific antigen-antibody binding
should have occurred. This was prevented by using a blocking solution of PBS
containing 10% fetal calf serum (PCS), 0.2% bovine serum albumin (BSA) and
0.1% Tween-20 for 10 minutes at room temperature. In some cases where high
background staining occurred, an additional blocking step was introduced. After
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adding blocking solution, slides were washed in PBS-Tween for 5 minutes and
then serum-free protein blocking kit applied to the section for 10 minutes at room
temperature.

Addition o f Primary Antibodies

Afrer removing any excessive blocking solution sections were reacted in a humid
chamber overnight at 4°C or for 1 hour at 37°C with primary antibody 1:501:4000 diluted in blocking solution. Optimal dilutions and incubation times were
determined by preliminary experiments.

Amplification o f the Primary Antibody Signal

Sections were then washed in PBS with 0.1% Tween-20 three times for five
minutes on a rotating mixer. The bound primary antibodies were detected with a
commercially available EnVision + rabbit or mouse kit and appropriate secondary
antibodies if required. The EnVision+ system was based on a horseradish
peroxidase (HRP) labelled polymer conjugated with secondary antibodies. This
labelled polymer does not contain avidin or biotin. Consequently, non-specificstaining resulting from endogenous avidin-biotin activity was reduced in this
method. This can be a particular problem in the kidney where there are high levels
of endogenous biotin. One hundred microlitres of the EnVision+ kit was added for
30 minutes to each section and placed at room temperature.

If a secondary antibody was required before the EnVision+ kit, this was
performed using a 1:300 dilution in blocking solution for 30 minutes at room
temperature. Following this additional step, the sections were washed in PBS with
0.1% Tween-20 three times for five minutes on a rotating mixer before application
of the rabbit or mouse EnVisionH- kit.

For Ang-2 immunohistochemistry, an additional amplification step was used to
enhance the antibody signal using a tyramide signal amplification biotin labelled
kit. This system was able to utilise an avidin-biotin peroxidase system to amplify
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the immunohistochemical signal. Avidin is a large glycoprotein found in egg
white, which has four high affinity binding sites for biotin.

After addition of the EnVision+ kit, slides were washed in PBS-Tween 3 times for
5 minutes each. One hundred microlitres of biotinyl tyramide (amplification
reagent) diluted 1:50 in blocking solution was added to each section for 5 minutes
at room temperature. The slides were washed three times for 5 minutes each in
PBS-Tween at room temperature with agitation. Streptavidin-HRP was diluted
1:100 in blocking solution and 100 pi added to each section. The slides were
incubated in a humidified chamber at room temperature for 30 minutes.

Colour Development

The coloured end product o f immunohistochemistry was formed at the site of
activity by the enzyme HRP forming a dark-brown insoluble product with 3,3diaminobenzidine tetrahydrochloride (DAB). After washing three times in PBSTween, 100 pi of DAB (0.7 mg/ml in sterile water) was added to the section.
Colour development was observed microscopically and terminated when a brown
colour developed by placing the slides in distilled water. The time for colour
development was kept constant when assessing different samples, so staining
intensities could be directly compared.

Rehydration and Counterstaining

The slides were washed in running water for 10 minutes and then counterstained
with haematoxylin for 3 minutes. Counterstaining was performed to define the
anatomy/histology of samples and help identify cells that expressed the antigen of
interest. Haematoxylin stains nuclei dark purple.

After haematoxylin staining the sections were washed for 10 minutes in running
water. Slides were then dehydrated through solutions of increasing alcohol
concentrations from 30%, 50%, 70%, 80%, 90% and 100% ethanol (twice).
Solutions were changed at 1 minute intervals and slides then immersed in
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Histoclear for 10 minutes. The slides were then mounted in DPX solution and
covered with glass coverslips.

Data Analysis

Four animals were used for vehicle- and FA-treated groups at each time-point for
immunohistochemical analysis. Three or four sections of the whole kidney cortex
and medulla were obtained for each animal. The sections were examined at x40
and x63 magnification and representative photographs of the positive
immunohistochemical signal from hundreds of high power fields taken and
allowed a subjective comparison to be made between vehicle- and FA-treated
animals. The observer was not blinded in these experiments. In some experiments
the cortical tubules and glomeruli have been compared in different groups, while
in others, other parts of the kidney are compared, for examples the larger vessels
of the kidney and vasa rectae.

Negative Controls

The following negative controls were used to evaluate non-specific staining and
allow better interpretation of specific staining at the antigen site.

1) Performing the staining but omitting the primary antibody. Blocking solution
was used as a substitute for this step. This allowed assessment of background
levels of peroxidase activity.

2) Prereaction of the primary antibody with an excess (10:1 weight/weight) of
immunizing peptide before applying to sections. This allowed assessment of the
specific staining obtained from each antibody.

Double Immunostaining

To assess in-situ endothelial cell proliferation, sections were probed with
antibodies to both PECAM and PCNA. PECAM immunostaining was performed
first with DAB producing a brown precipitate on endothelial cells. Sections were
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then microwaved in citric acid (1.9 g/1, pH 6.0) for five minutes and washed in
running water for 5 minutes.

The PCNA antibody used was biotin-conjugated; therefore endogenous biotin was
blocked using an Avidin-Biotin blocking kit. Slides were incubated with Avidin
solution for 10 minutes at room temperature in a humidified chamber and then
washed 3 times in PBS-Tween. This was followed by incubation for 10 minutes at
room temperature with biotin solution. Non-specific staining was then blocked as
previously described. Slides were then incubated with biotin-conjugated mouse
anti-human PCNA (1:50) overnight at 4°C, reacted with streptavidin-conjugated
horseradish peroxidase followed by a diaminobenzidine metal-enhanced solution,
resulting in a blue signal for PCNA.
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Western Blotting
Basic Principles

Western blotting allows detection of specific proteins in samples of cells and
tissues using antibodies (Sambrook et al, 1989). The technique involved extracting
protein from samples, which are then quantified and denatured. The proteins were
then separated on sodium lauryl sulphate- polyacrylamide (SDS-PAGE) system
gels as described in 1970 by Laemmli (Laemmli, 1970). The proteins were
transferred to a nitrocellulose membrane by the process of electroblotting. This
membrane was then probed with specific primary antibody for the protein of
interest and visualised using a chemiluminesence kit. The size o f the protein can
then be determined by comparison to molecular weight markers.

Protein Extraction

The first step of western blotting involves extraction of the protein from the tissue
sample. Tissues were homogenized to break down their structure and allow the
protein to be obtained. 100 mg of kidney tissue was weighed and added to 1 ml of
radioimmunoprecipitation assay buffer (RIPA) (150 mM sodium chloride, 1.0%
NP-40, 0.5% sodium deoxycholic acid, 0.1% SDS, 50 mM Tris-HCl pH 8.0 and
fresh inhibitors (30 pl/ml o f 2.2 mg/ml aprotinin; 10 pl/ml of 10 pg/ml
phenylmethyl-sulfonyl fluoride; 10 pl/ml o f 100 mM sodium orthovanadate)). The
buffer lysed the cells and allowed the solubilisation of the protein. The buffer
contained proteinase inhibitors that prevent degradation of the protein.

The kidneys were then homogenized and left to stand on ice for 30 minutes.
Supernatants were collected following 30 minutes centrifugation at 13,000 x g at
4°C to remove any solid debris. The samples were either used immediately or
stored at -70°C.

Protein Quantification

The concentration o f protein was quantified using a bicinchoninic acid (BCA)
protein assay. This method combined the reduction of copper II ions to copper I
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ion by protein in an alkaline medium. The copper I ion was detected with a unique
reagent containing BCA and produced a coloured product. The purple-coloured
reaction product of the assay was formed by the chelation of two molecules of
BCA with one cuprous ion. This water soluble complex exhibited a strong
absorbance at 562 nm that is linear with increasing protein concentrations over a
range of 20-2,000 pg/ml. Protein concentrations of samples were compared to a
standard protein such as bovine serum albumin (BSA).

Fifty pi of protein was incubated with 1 ml of working reagent (50 parts of BCA
Reagent A and 1 part of BCA Reagent B). On occasions where the protein
concentration was high, the protein was diluted with sterile water. The mixture
was incubated at 37°C for 30 minutes and absorbance readings measured at 562
nm. 1 ml of sterile water was used as a reference. A standard curve was generated
using BSA in serial dilutions and protein sample concentrations read from this
graph.

SDS-PAGE

Proteins were then separated using SDS-polyacrylamide gel electrophoresis. The
gels were divided into an upper “stacking” gel of low percentage and low pH (6.8)
and a resolving gel with a pH of 8.8 with much smaller pores. Both gels contain
chloride as the mobile anion. The tank buffer had glycine as its anion, at a pH of
8.8. When electrophoresis begins, glycine moved through the stacking gel behind
the chloride ions. A region of low conductivity was created between these ions
and “sweeps” the proteins through the large pores of the stacking gel, collecting
the sample and depositing it on the top of the resolving gel in a focused narrow
band. When the proteins entered the resolving gel they separated allowing
different sizes to be detected.

The SDS-polyacrylamide gel was constructed using Mini Protean II gel apparatus.
Two glass plates, one of which is 1-2 cm shorter than the other were separated by
1.5 mm spacers and set up according to manufacturers instructions.

137

The resolving gel was first poured between the plates. The composition of the gel
depended on the size of the protein to be detected. A 6% resolving gel was used to
detect protein of molecular weight 120-220 kDa, 8% gel for 50-100 kDa and 15%
for 15-50 kDa. All gels consisted of the following: sterile water, a variable volume
of 30% acrylamide, 1.5 M Tris pH 8.8, 10% SDS, 10% ammonium persulphate
(freshly made) and 1% N,N,N-N-tetramethylethylenediamine (TEMED). The
proportions of each solution depended on the percentage gel being used. TEMED
and ammonium persulphate caused polymerisation o f the acrylamide. The gel was
overlayed with water-saturated butan-l-ol that excluded oxygen and ensured a flat
interface between the resolving and stacking gel. The gels were left at room
temperature for 30 minutes to set. The butanol was then rinsed several times from
the top o f the gel with water. Inverting the gel apparatus and drying with
Whatman 3MM paper removed any remaining water.

The stacking gel was then poured on top of the resolving gel. A 5% stacking gel
was used for all experiments. A 10 ml solution was made using 6.8 ml of sterile
water, 1.7 ml of 30% acrylamide, 1.25 ml of 1.0 M Tris pH 6.8, 100 pi of SDS,
100 pi o f ammonium persulphate and 10 pi of TEMED. The gel was mixed and
poured to the top of the small plate. A 10 or 15 well was then inserted into the gel
so the top o f the well dividers were level with the top of the short plate and left to
set at room temperature.

The gels were placed into a running tank and immersed in tris-glycine buffer
(diluted in lOx stock, 25 mM trizma-base, 250 mM glycine, 0.1% SDS). The
Laemmli discontinuous buffer system was used (Laemmli, 1970) with part of the
buffer between the gels and the rest in the running tank.

Denaturing and Running Samples

Protein samples were thawed and 50-130 pg of protein (depending on the
experiment) was mixed with an equal volume of 2x electrophoresis buffer (1 ml
glycerol, 0.5 ml g-mercaptoethanol, 3 ml 10% SDS, 1.25 ml 1 M Tris pH 6.8 and
0.001 g o f bromophenol blue). Samples were denatured at 100°C for 10 minutes
and then immediately placed on ice for a further 5 minutes. Denaturing the
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proteins separated subunits in multimeric proteins, allowing the analysis of large,
complex aggregates. After centrifugation for one minute at 13,000 x g the samples
were loaded into each well. To determine, molecular weight 10 |il of a molecular
marker was also loaded into one o f the lanes in each gel. To ensure even running
of the gel any remaining lanes were filled with water mixed with electrophoresis
buffer.

Electrophoresis was performed at 70 mV until the protein reached the stack of the
resolving gel. Then, voltage was increased to between 80-100 mV until the right
size was reached according to the molecular weight marker.

Electroblotting

The proteins were then transferred from the gel onto a nitrocellulose membrane.
The gel was removed from the electrophoresis apparatus and placed in transfer
buffer (0.02 M Tris base, 0.15 M glycine, 20% methanol, 0.0275% SDS). Six
pieces of 3MM Whatman paper were cut and one piece of nitrocellulose
membrane to the same size as the gel and then placed in transfer buffer.

A semi-dry electroblotter was used to transfer the protein. On the lower, positive
charged plate the following were placed in order: Three sheets of 3MM paper,
nitrocellulose membrane, gel and then three sheets of 3MM paper. Any air
bubbles were removed by rolling over each layer with a glass pipette. To prevent
the upper paper stack contacting the paper below and causing short-circuiting,
saranwrap was arranged around the gel. The upper electrode was placed on top of
the stack and voltage applied. For all blots, 12 volts was used, but the time for the
transfer depended on the percentage of gel used. A higher percentage of gel or
detection of high molecular weight proteins required a longer time for transfer.

To assess whether protein transfer had taken place, blots were immersed in
Ponceau S solution for 5 minutes. The blot was then transferred to deionised water
until pink bands appeared.
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Blocking and Addition o f Antibodies
The nitrocellulose membranes were then probed for various antibodies. The
primary antibody is attached to the protein on the blot. This is then detected by a
horseradish conjugated secondary antibody, which can be detected by
chemiluminsence.

Firstly, non-specific binding sites were blocked by immersing the membrane in
block solution (5% (wt/vol) fat-free milk powder, 0.1% BSA and 0.1% Tween-20
in PBS) for one hour at room temperature on an orbital shaker. All subsequent
procedures until the final washes were done in this blocking solution. The primary
antibody was then applied overnight with gentle mixing. Primary antibody
concentrations used were between 1:1000- 1:4000 depending on the antibody to
be used.

Blots were then washed in PBS with 0.1% Tween-20 two times for twenty
minutes and then once in blocking solution. The bound primary antibodies were
then detected with a commercially available EnVision + rabbit or mouse kit and
appropriate secondary horseradish peroxidase antibodies if required. After
washing 100 |al of EnVision+ kit was diluted in 10 ml of blocking solution and
added for 30 minutes at room temperature. If a secondary antibody was required
before the EnVision+ kit, this was performed using a 1:4000 dilution in blocking
solution. The sections were again washed in PBS with 0.1% Tween-20 two times
for twenty minutes and blocking solution one time for twenty minutes on a
rotating mixer before application of the rabbit or mouse EnVision+ kit.

Blots were then washed three times in PBS with 0.1% Tween-20 for thirty
minutes and then in PBS twice for thirty minutes. Bands were then detected by
chemiluminescence

Chemiluminsence

The horseradish peroxidase in the secondary antibodies applied was detected
using chemi-luminescent methods. The excess PBS from the washed membranes
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was removed and membranes placed on a piece of saranwrap protein side up. The
detection reagent was then added to the blot for 1 minute at room temperature.
Any excess reagent was then drained and the membrane wrapped in saranwrap.
The membrane was then transferred to an X-ray cassette and exposed to
autoradiography film in safelight conditions for varying lengths of time depending
on the intensity o f the signal. The sizes of the proteins were then detected by
comparison to molecular weight markers.

Stripping Blots

For some experiments blots were stripped and then reprobed using a different
antibody. This was achieved by placing blots for 5-15 minutes (depending on the
intensity of the previous antibody signal) at room temperature in antibody
stripping solution according to manufactures instructions. They were then washed
for 10 minutes twice in PBS and blocked for 1 hour. The blot was then ready for
reprobing with antibodies.

Negative Controls

The following negative controls were used to evaluate non-specific bands and
allow better interpretation of results.

1) Performing the western blot but omitting the primary antibody. Blocking
solution was used as a substitute for this step.

2) Prereaction of the primary antibody with an excess (10:1 weight/weight) of
blocking peptide before incubation with blot overnight

Loading Controls (Coomassie Blue Staining and p-actin)

As the house-keeping gene p-actin was shown to increase in intensity in the FA
model, Coomassie blue staining was performed as a loading control. After running
protein samples, the gel was placed in a microwaveable plastic container and
covered with staining solution. (0.1% Coomassie blue R-250, 10% acetic acid.
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40% ethanol, stored in dark) The gel was then microwaved for approximately 2
minutes or until the solution just begins to boil and then left on a slow shaker for
30 minutes. The stain was removed and the gel rinsed with distilled water to
remove excess staining solution. The gel then was immersed with destaining
solution (10% acetic acid, 40% ethanol in distilled water) and microwaved until
the solution begins to boil and then left on a rotating shaker overnight. The gel
was rinsed with distilled water and a photograph taken.

Statistics

For each antibody, three independent samples were analysed for vehicle- and FAtreated animals at each time-point. A representative western blot from three data
sets was shown. To determine intensities of western blotting, bands were
measured by densitometry and standardized for protein loading by factoring for
the major (approximately) 50 kDa band visualized on Coomassie Blue staining of
replicate samples for samples in the folic acid model. For each antibody, a
scatterplot was used to present the densitometric analysis of all data sets at each
time-point in vehicle- and FA-treated animals (n=3 for each group, at each timepoint). Due to the small numbers in each group and the fact that the same kidney
or animal was not being analysed at each time-point, it was not possible to assess
the levels of individual proteins with a parametric statistical test. Instead, a linear
regression model was used. A regression model allowed the assessment of the
levels of Ang-1, Ang-2 and Tie-2 over the time-course of the whole experiment
for each group (vehicle- and FA-treated animals). The relationship between the
levels of Ang-1, Ang-2 and Tie-2 over time can be summarised by drawing a
straight line through a scatter of points and determining the equation of this line in
both vehicle- and FA-treated groups. The two equations were then compared to
each other to determine whether the control- and FA-treated groups were different
in terms of their Ang-1, Ang-2 and Tie-2 protein expression.
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RNA Extraction and Northern Blotting
Northern transfer can be used to detect and give an estimate o f the length of an
RNA transcript (Thomas, 1980). The RNA was separated by electrophoresis in an
agarose gel under denaturing conditions, transferred to a nitrocellulose or nylon
filter and specific RNA species were then detected by hybridisation with a
radioactively labelled probe. The intensity of the autoradiographic signal was used
a measure of the concentration of the specific RNA and the distance migrated by
the RNA species was used to determine its molecular weight.

Precautionary Measures fo r RNA Work

RNA can be extremely vulnerable to degradation by RNAse enzymes found either
in the sample or in the processing environment. In particular, RNAses are found
on the surfaces of human skin; therefore gloves were worn throughout any RNA
experiment. RNAse free glassware and plasticware was used in these experiments.
Solutions were also treated with diethylpyrocarbonate (DEPC), which inhibits
RNAse production.

Preparation o f RNA From Tissues

The first part of northern blotting involved the preparation of RNA from tissues or
cell samples. As with western blotting, RNA was extracted from tissues using a
homogeniser. 100 mg o f kidney tissue was weighed and added to 2 ml of TRIReagent. TRI-Reagent consisted of a mixture of guanidine thiocynate and phenol
in a mono-phase solution that dissolves DNA, RNA and protein on
homogenisation or lysis of tissue samples. To minimize RNA contamination, the
homogeniser was washed in DEPC treated water and 100% ethanol before the
experiment and between each sample.

The samples were then left to stand for 15 minutes at room temperature to allow
complete dissociation of nucleoprotein complexes. 0.2 ml of chloroform was
added per ml of TRI-Reagent. The samples were covered and vortexed for 5
minutes at high speed and left to stand for 15 minutes at room temperature. The
resulting mixture was then centrifuged at 13,000 x g for 35 minutes.
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Centrifugation separated the mixture into three phases. A red organic phase
(which contained protein), an interphase (that contained DNA) and a colourless
upper aqueous phase (which contained RNA). The aqueous phase was then
transferred to a fresh tube and 0.5 ml of isopropanol was added. Again, the sample
was vortexed, allowed to stand at room temperature and centrifuged. The RNA
precipitate formed a pellet on the side and the bottom of the tube.

The supernatant was removed and the RNA pellet washed by adding 1 ml of 70%
ethanol. The sample was vortexed and centrifuged at 13,000 x g for 10 minutes at
4°C. After removing the ethanol, the RNA pellet was air-dried. An appropriate
volume of DEPC (0.1% DEPC in distilled water and autoclaved) water (normally
25 pi) was added to dissolve the pellet. Samples were stored at -70°C after this
step.

RNA was quantified by diluting the samples 1:500 in DEPC water and the
absorbance values measured on a spectophotometer at 260 nm. This was then
compared to a 1 ml sample of nuclease-free water at 260 nm.

Agarose Gel Electrophoresis o f RNA and DNA

The quality of RNA or DNA obtained was determined by agarose gel
electrophoresis. DNA and RNA strands are very large macromolecules so its
separation requires an extremely open matrix structure which agarose provided.

A 1% agarose gel was made in tris-acetate-EDTA (TAE) buffer (lOx TAE: 0.4 M
Tris-acetate, 0.01 M EDTA, pH 8.0, 3 pl/1 of 20 g/1 ethidium bromide solution).
This was dissolved by heating in a microwave. The solution was poured into a
horizontal gel mould and combs inserted. The gel was left at room temperature for
30 minutes. Once set, the combs were removed and the gel transferred to the
horizontal tank and covered under a thin layer of IX TAE buffer.

Samples of RNA were prepared by adding 1 pi of RNA to 5 pi of DEPC water
and Ipl of loading buffer (50% glycerol, 1 mM EDTA pH 8.0, 0.25%
bromophenol blue, 0.25% xylene cyarol FF) and loaded into the wells. The gel
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was run at 80 V for 45 minutes and then visualized under ultra-violet exposure. If
the quality of RNA was good then two clear bands, equivalent to 28 S and 18S
ribosomal RNA could be observed.

Northern Blotting - Formaldehyde Gel Electrophoresis

The extracted RNA was then used for northern blotting. Firstly, the RNA was run
on a formaldehyde gel. The RNA fragments were denatured and separated by size
during electrophoresis. In this protocol, all equipment was kept RNAse free.
Therefore, before the start o f the experiment the electrophoresis tank, plates and
combs were washed with distilled water, then 70% ethanol and dried thoroughly.

100 ml of gel was prepared by adding 72 ml of DEPC water to 1 gram of agarose
and dissolved in a microwave. In the fume cupboard 17 ml of formaldehyde, 10
ml of lOX MOPS buffer (0.2 M MOPS, 50 mM sodium acetate, 10 mM EDTA,
pH 7.6) and 1 pi of ethidium bromide was added to the agarose mixture using
sterile pipettes. The agarose solution was then poured into the gel casting
apparatus and combs inserted. This was left at room temperature for 30-40
minutes to set. The gel was then placed in the electrophoresis tank and covered
with IX MOPS buffer in DEPC water with 5 pi of ethidium bromide.

Sample Preparation

Fifty pg of RNA was added to 3 times volume of northern blotting buffer (65%
formamide, 22% formalin, 13% lOX MOPS buffer). All samples were made up to
the maximum volume of sample used in this experiment by adding DEPC water.
Samples were then denatured at 100°C and then placed immediately onto ice at
4°C for a further 5 minutes. Two pi of RNA loading buffer was added and the
samples loaded into the wells of the gel.

The gel was run for approximately 2-3 hours at lOOV or until the bottom dye
reached halfway down the gel. The RNA was then visualized and photographed
under ultraviolet light.
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Transfer onto Nitrocellulose Membranes

The single-stranded RNA pieces were then transferred to a sheet of nitrocellulose.
It is the transfer of electrophorectically resolved RNA fragments to nitrocellulose
filters that is known as northern blotting. This involved laying a sheet of
nitrocellulose (which acts as a filter) on top of the gel and a flow of buffer was
established through the gel and the nitrocellulose filter. The buffer carried the
RNA fragment upwards from the gel to the nitrocellulose filter, where they
subsequently bound.

A tray filled with blotting buffer, lOX sodium chloride-sodium citrate (SSC), was
used for the transfer. (3 M sodium chloride, 0.3 M trisodium citrate, made up with
distilled water and adjusted to pH 7.0). A platform was then placed into the tank
and covered with a wick made from three sheets of Whatman 3MM paper,
saturated with blotting buffer. The gel was then placed on the wick and
surrounded with cling film to prevent uneven transfer. A sheet of nitrocellulose
membrane was placed on top of the gel and any air bubbles removed by rolling a
glass rod over the membrane. Three further sheets of 3MM paper were cut to size,
soaked in blotting buffer and placed on top of the membrane.

A stack of absorbent paper towels was carefully arranged on top of the 3MM
paper approximately 10 cm high. A glass plate and a weight were then placed on
top of the apparatus and transfer proceeded for 12 hours.

Following transfer the RNA was cross-linked by exposure to ultraviolet irradiation
(1.5 J/sq cm for 10 seconds). The bases in the RNA cross-linked with the
positively charged amino groups on the surface of the nitrocellulose membrane.
The RNA was observed under ultraviolet light and the 28 S and IBS ribosomal
RNA bands marked as a reference point. Blots could be stored at -20°C at this
point.

Prime-Labelling
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A single-stranded nucleic acid probe specific for the RNA under study was then
radiolabeled by

and hybridised to the filter. The probe could be a purified

RNA, cDNA or cloned fragment of genomic DNA. The labelled probe hybridised
to any RNA fragment on the filter that contained a complementary nucleotide
sequence.

Two |il of DNA template for either VEGF, VEGFR-2, or 18 S ribosomal RNA
were diluted in 13 pi MilliQ water and denaturated at 100°C for 5 minutes.
Samples were then left on ice for 5 minutes. The following components were then
assembled in a microcentrifuge tube on ice in the order below to make a 25 pi
solution.

Labelling buffer

5 pi

Mixture of unlabelled dNTPs

Ip l

Nuclease-ffee BSA

Ip l

Radioactive labelled dCT^^P

2.5 pi

DNA Polymerase I (Klenow fragment)

0.5 pi

The final two steps were performed under radioactive safety conditions. All work
was carried out behind perspex screens suitable for radioactive use and radioactive
waste materials were disposed in accord with local regulations. The solution was
then mixed and left at room temperature for one hour.

Hybridisation

Meanwhile, the northern blot was placed into a small hybridisation tube, rolling
the blot inside lengthways. The blot was washed with DEPC water at 65°C and
left to rotate for 5-10 minutes. The DEPC water was removed and replaced by
hybridisation buffer pre-treated at 65°C. 8.5 ml of this solution was added to each
tube and rotated for 30 minutes at 65°C.

To the reaction mixture, that contained the probe, 25 pi of saline-sodium
phosphate EDTA (SSPE) buffer (20 x SSPE: 3 M NaCl, 0.2 M sodium phosphate
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pH 7.4, 25 mM EDTA) and 50 pi of salmon sperm DNA was added. This blocked
any non-specific binding. The reaction was terminated by heating the solution at
100°C for 5 minutes and then the samples were left on ice for a further 5 minutes.
This mixture was centrifuged at 13,000 x g for 1 minute and then placed into the
hybridisation buffer at 65°C and left to rotate for 2 hours.

Stringency Washes

After hybridisation, non-specific bound probe was removed by washing in low
salt buffer at high temperatures. The hybridisation solution was removed and the
blot washed with 2% SSC with 0.1% SDS solution. This wash was performed
twice for 30 minutes at 65°C. The blot was washed a further two times with 0.2%
SSC and 0.1% SDS solution.

Blot Development

The blots were then removed using forceps and scanned with a Geiger counter. If
a large amount of radioactivity was detected scattered all over the filter, there may
be non-specifically hybridised DNA still bound to the blot. In these
circumstances, the blot was washed for a longer length of time. The blot was then
wrapped in saranwrap and exposed to X-ray film for between one day and one
week at -70°C depending on the intensity of the signal. The molecular size of the
fragment detected was compared to the positions of the known rRNA bands
marked earlier in the experiment.

Statistics

For VEGF and VEGFR-2 three independent samples were analysed for vehicleand FA-treated animals at each time-point. A representative northern blot from
three data sets was shown. To determine intensities of northern blotting, bands
were measured by densitometry and standardized for 18S ribosomal RNA. For
both VEGF and VEGFR-2, a scatterplot was used to present the densitometric
analysis of all data sets at each time-point in vehicle- and FA-treated animals (n=3
for each group, at each time-point). Due to the small numbers in each group and
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the fact that the same kidney or animal was not being analysed at each time-point,
it was not possible to assess the levels of VEGF and VEGFR-2 with a parametric
statistical test. Instead, a linear regression model was used. A regression model
allowed the assessment of both VEGF and VEGFR-2 over the time-course of the
whole experiment for each group (vehicle- and FA-treated animals). The
relationship between the levels of VEGF and VEGFR-2 over time can be
summarised by drawing a straight line through a scatter of points and determining
the equation of this line in both vehicle- and FA-treated groups. The two equations
were then compared to each other to determine whether the control- and FAtreated groups were different in terms of their VEGF and VEGFR-2 expression.
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Reverse Transcripitase Polymerase Chain Reaction (RT-PCR)
Basic Principles

Polymerase chain reaction (PGR) experiments allowed the detection of specific
RNA molecules in a mixed sample population (Saiki et al, 1988). A cDNA copy
of the RNA population in each sample under test was synthesized using reverse
transcriptase. The cDNA generated was then used as a template for PGR.

Two primers specific for the RNA of interest were designed. The primers
hybridised to opposite strands of the cDNA after it has been denatured, and were
oriented so DNA synthesis by a polymerase enzyme proceeded through the region
between the two primers. The extension reaction created two double-stranded
target regions, each of which could again be denatured ready for a second cycle of
hybridisation. By repeated cycles of heat dénaturation, primer hybridisation and
extension, a rapid exponential accumulation of the specific target fragment of
DNA occurred. Typically, 30 cycles of denaturing, annealing and extension were
used which generated 1x10^ copies from one original.

Reverse-Transcription Reaction

Firstly, a cDNA copy of the total RNA population in each sample was synthesised
using reverse transcripitase. RNA obtained as previously described for control and
folic acid injected kidney samples 1 and 7 days after injection were used.

A 20 |il reaction was set up in the order listed below. The mixture was maintained
at 4°C while being made.

MgCl], 25 mM

4 pi

Reverse Transcription lOx buffer

2 pi

dNTP mixture

2 pi

Recombinant RNAsin Inhibitor

0.5 pi

AMV Reverse Transcriptase

Ip l

01igo(dT)i5 Primer

Ip l
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Substrate RNA

1 pg = volume x

DEPC water

9.5 fil - x

For a negative control, the AMV enzyme was omitted and DEPC water added
instead. The mixture was incubated at 42°C for 15 minutes. The sample was then
heated at 100°C for 5 minutes and then placed in ice for a further 5 minutes. This
inactivated the AMV reverse transcripitase enzyme and prevented it from binding
to the cDNA. These reverse transcripitase products could be stored at -20°C.

Polymerase Chain Reaction

For PGR, a 25 pi reaction was set up as follows. Taq DNA polymerase from the
thermophilic bacterium Thermus aquaticus was used for PGR. Taq DNA
polymerase was used due to the enzyme being resistant to high temperatures so it
doesn’t need to be replenished during the PGR. As a consequence of employing
the heat-resistant enzyme, PGR could be automated by placing the assembled
reaction in a heating block with a suitable thermal cycling programme.

Reverse Transcription Product

Ip l

dNTP mixture

0.5 pi

buffer

2.5 pi

25 mM magnesium chloride

3 pi

Primer

0.5 pi

Taq Polymerase

0.125 pi

Sterile MilliQ water

18 pi

25 pi of mineral oil was added to each reaction to prevent evaporation and PGR
programs set up as follows. Each program containing a number o f cycles, each
consisting of a denaturing phase, annealing phase and extension phase. For IL-ip,
35 cycles of PGR were performed consisting of 1 minute at 94°G denaturing, 1
minute at 60°G annealing and 1 minute at 72°G extension. For TNF-a, 35 cycles
were used, with a different annealing temperature of 65°G for 1 minute in each
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cycle. Finally for the 18S primer, 30 cycles were performed, with an annealing
step of 45 seconds at 58°C.

10 [Û of PCR product was mixed with 0,5 pi of RNA loading buffer (50%
glycerol, 1 mM EDTA pH 8.0, 0.25% bromophenol blue, 0.25% xylene cyarol
FF) and run on a 2% agarose gel at 80V. The gel was exposed under ultra-violet
light and a photograph taken. The size of the PCR product was compared to 5 pi
of pGEM DNA marker. This allowed sizes of products between 51-1500 bp to be
determined.

Sequencing o f PCR Products

For each pair of primers, a product was sequenced to determine whether the
correct fragment was obtained in these experiments. 10 pi of forward primer and
30 pi of PCR product was sent for sequencing. The sequences were then inserted
into the BLAST database to determine homology with known genes. All
sequences produced a 90-95% homology with the correct gene sequence being
investigated.

Saturation Point o f RT-PCR

A major problem with RT-PCR occurred if too many cycles were performed and
the level of PCR product produced saturated. This means comparison between
samples was difficult. To determine where saturation occurred of RT-PCR
occurred in my experiments, a set of PCR reactions were performed for each
primer with a range of cycle amounts and a graph produced comparing number of
cycles to band intensity. If the number of cycles that has been used in the
experiment was shown to be in the linear part of the curve then the reaction was
not saturated at this point and comparisons between samples could be made.
Results indicated that the number of cycles used in all of my experiments were in
the linear part of the PCR curve for each primer pair.
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Ang-2/LacZ Staining
To determine expression oïAng-2/LacZ in the kidney of folic acid treated mice,
Ang-2/LacZ heterozygous mice were used. Details o f these mice were described in

the Materials section of my thesis.

Genotyping o f Ang-2/LacZ Mice

To determine which mice were heterozygous, genotyping was performed using
RT-PCR. Firstly, DNA was extracted from tail tips of the mice. This was then
used for RT-PCR for Ang-2.

Extraction o f DNA from Tail-Tips

The extraction of DNA from mice tail tips was a quick, relatively painless and
convenient way to determine the genotype of a transgenic animal (Sambrook et al,
1989). Tail tips were removed and stored at -20°C until required. Each tail (300400 mg of tissue) was dissolved in 300 pi of extraction mix (20 mM Tris pH 7.4,
100 mM EDTA pH 8.0 and 0.3 mg/ml proteinase K) at 55°C overnight.

Samples were then vortexed to make sure the tail had fully dissolved. 20 pi of 3 M
sodium chloride was added to each sample and then 300 pi of phenol. Samples
were vortexed and centrifuged at 13,000 x g for 30 minutes. The top layer was
then removed and placed into a fresh tube.

DNA was precipitated by adding Ix volume of isopropanol. After vortexing and
centrifuging as described above a pellet was formed at the bottom of the tube.

The pellet was washed in 70% ethanol and then air-dried. The pellet was then re
suspended in 50 pi of TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA) and
quantified at 260 nm.

Genotyping o f Ang-2/LacZ Mice
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100 ng of extracted DNA was used to genotype the Ang-2/LacZ mice. Primers
were designed to amplify one mutated band (280 bp) or a wild-type band (380 bp)
as described in Ûiq Materials section.

The PCR was set up according to protocols previously described in this thesis.
PCR was performed for 40 cycles consisting of 30 seconds denaturing at 94°C, 45
seconds annealing at 62°C and 1 minute extension phase at 72°C. The products
were run on a 2% agarose gel and visualized under ultra-violet light.

Experimental M odel

Heterozygous Ang-2/LacZ mice were injected with 240 mg/kg of folic acid
dissolved in 0.3 M sodium bicarbonate as previously described for CDl mice.
Controls were performed by injecting sodium bicarbonate only. Kidneys were
harvested one and three days following folic acid injection.

X-Gal Staining

To d e t e r m i n e e x p r e s s i o n , X-gal staining was performed immediately
after dissection on kidney tissues. Kidneys were placed in fix solution (2%
paraformaldehyde, 2 mM MgCh, 2 mM ethleneglycol bis (p-aminoethylether)N,N’-tetra-acetic acid (EOTA) and 0.02% Nonidet-P40 (NP-40) in calcium free
PBS solution) for 30 minutes at room temperature on a rotating mixer. Samples
were then washed 3 times for 30 minutes in washing solution. (Ix PBS, 2 mM
MgCl] and 0.02% NP-40)

Staining was performed by incubation with 5 mM K3pe(CN)6, 5 mM
K4Fe(CN)6.3H20, 2 mM MgCb, 0.01% sodium deoxycholate, 0.02% Nonidet P40 and 1 mg/ml 4-chloro-5-bromo-3-indodyl-|3-D-galactopyranoside iX~gal)
which allowed optimal detection of cytoplasmic reporter gene product while
abolishing the background staining from endogenous galactosidase (Loughna et
al, 1997; Loughna et al, 1998). This staining was performed at 37°C for 1 hour to
start the reaction and then left at 4°C overnight. The samples were protected from
light throughout this staining.
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Following staining, kidneys were processed as described earlier. Sections were cut
of 5 pm thickness and counterstained with haematoxylin. Positive Ang-2/LacZ
staining was shown in light blue.

Three animals were used for vehicle- and FA-treated animals at each time-point
with 3-4 sections of the whole kidney cortex and medulla analysed for each
animal. The sections were examined at x40 and x63 magnification and
representative photographs o f the Ang-2/LacZ expression fi*om hundreds of high
power fields of each whole kidney section taken. The observer was not blinded in
these experiments.
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In-Vitro Studies
In-vitro studies were used to look at potential mechanisms of angiopoietin
expression in distal convoluted tubule cells (DCT). Many studies have showed
that cytokines can affect levels of angiopoietin expression. Therefore, the cytokine
TNF-a was used to stimulate the DCT cells and levels of angiopoietin measured.

General Cell Culture Procedures

For cell culture studies a sterile field was first prepared. The sterile field consisted
of a biological safety cabinet with a filtered laminar airflow. All working surfaces
were sprayed with 70% ethanol beforehand. Sterile instruments and vessels were
used including sterile disposable serological pipettes, sterile pipette tips, cell
culture dishes, flasks and tubes. Protective gloves and garments were used at all
times.

Culture o f D istal Tubule Cells

DCT cells were expanded using culture medium (Dulbecco’s Modified Eagle’s
Medium F-12 (DMEM-F12), 5% fetal calf serum, 1 x antibiotics). Cells were
incubated in 10 ml petri dishes and incubated at 37°C in a humidified 5% CO2 /
air atmosphere. Culture plates were then assessed daily to ensure that the cells
were viable and the medium was not infected. Cells were passaged when they
were 80-90% confluent by enzymatic dissociation. The cells were washed in
sterile PBS and then treated with trypsin (1000 U/ml, 0.02% EDTA) for 5 minutes
at 37°C. They were then resuspended into fresh tissue culture dishes. Some
aliquots of DCT cells were frozen in 10% DMSO/ fetal calf serum in liquid
nitrogen for future use.

Addition o f Cytokines

Before stimulation with the cytokine, TNF-a, the murine DCT cells were
transferred to low serum media (DMEM-F12, 0.2% serum, 1 x antibiotic)
overnight. After this time, cells were placed in fresh low-serum media and then
exposed to cytokine stimulation. DCT cells were stimulated with 0.1-10.0 ng/ml
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TNF-a. Samples were taken 8 and 24 hours following stimulation. For each timepoint, unstimulated DCT cells without any added TNF-a were used as timematched controls.

Assessment o f Cells After Cytokine Stimulation

Cells were then assessed by three methods to determine the effect of the cytokines
on the distal tubule cells. Firstly, pictures of the cells were taken at each timepoint using the different doses of TNF-a. Secondly, cell number was obtained
using a haemocytometer and finally an assessment of cell death was made using
lactate dehydrogenase (LDH).

Determination o f Cell Number and Viability

Trypan blue was one of several stains recommended for use in dye exclusion
procedures for viable cell counting. The method was based on the principle that
live (viable) cells do not take up certain dyes, whereas dead (non-viable) cells do.
Staining with trypan blue facilitated the visualization of cell morphology.

A cell suspension was prepared and 50 p,l was diluted with 450 pi of PBS and 0.5
ml of trypan blue solution (0.4% w/v) and mixed thoroughly. The suspension was
left to stand for between 5 to 15 minutes. A small amount of Trypan blue-cell
suspension mixture for each sample was then transferred to the haemocytometer.

In each chamber of the haemocytometer, all the cells in the 1 mm centre square
and the 4 comer squares were counted. The cells that touched the top and left
touching middle line of the perimeter of each square were included in the count. A
separate count of viable and non-viable cells was maintained. The procedure was
then repeated for the second chamber and then a further three samples.

Cell numbers were statistically compared between TNF-a stimulated DCT cells
for 24 hours and time-mathced controls with no added TNF-a (n= three for each
group) using the Mann-Whitney U test, with differences considered significant
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when p < 0.05. Due to the small numbers in each group, it was not possible to
assesss the differences between groups with a parametric statistical test.

Measurement o f Cell Death

The amount of cell death in the experiment was evaluated by quantification of
plasma membrane damage. Lactate dehydrogenase (LDH) was used as a stable
cytoplasmic enzyme present in all cells. LDH was rapidly released into the cell
culture supernatant upon damage of the plasma membrane. The amount of enzyme
activity detected in the culture supernatant correlated to the proportion of lysed
cells. The LDH activity of the cell population was determined by an enzymatic
test. In the first step of this test, NAD+ was reduced to NADH/H+ by the LDHcatalysed conversion of lactate to pyruvate. In the second step, the catalyst
(diaphorase) transferred H/H+ from NADH/H+ to the tétrazolium salt INT
causing the reduction of this salt to formazan.

An increase in the amount of dead or plasma membrane damaged cells resulted in
an increase of LDH enzyme activity in the culture supernatant. The increase in the
amount of enzyme activity in the supernatant directly correlated to the amount of
formazan formed during a limited time period. Therefore, the amount of colour
formed in the assay is proportional to the number of lysed cells in the experiment.

For the experiment in my thesis, 100 pi of the cell supernatant at each time-point
and cytokine dose was added to 100 pi of reaction mixture, which was made up
according to manufactures instructions. 250 pi of catalyst solution was added to
11.25 ml of INT dye solution. This was then incubated for 30 minutes at room
temperature in dark conditions. Each sample was performed in duplicate. 100 pi
of water was used as a control and the sample absorbance was measured at 490
nm using an ELISA reader. Readings were compared to controls at time-point 0
which was given an arbitrary value of 1.

A scatterplot was used to present the LDH release in all samples of DCT cells
with or without addition of 0.1-10.0 ng/ml o f TNF-a for 8 and 24 hours (n= three
for each group at each time-point). Due to the small numbers in each group and
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the fact that the same kidney or animal was not being analysed at each time-point,
it was not possible to assesss the levels of individual proteins with a parametric
statistical test. Instead a linear regression model was used. A regression model
allowed the assessment of LDH release over the time-course of the whole
experiment for each group (DCT cells with addition of 0.1, 1.0 and 10.0 ng/ml of
TNF-a and DCT cells without any added TNF-a). The relationship between the
levels of LDH release over time can be summarised by drawing a straight line
through a scatter of points and determining the equation of this line in DCT cells
with 0.1,1.0 and 10.0 ng/ml of TNF-a and DCT cells without any added TNF-a.
The equations were then compared to each other to determine whether the LDH
release in DCT cells with and without TNF-a was different.
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Analysis of Vascular Growth Factor Expression in Distal Tubule Cells
Western Blotting o f Cell Lysates

Western blotting was performed essentially as previously described for kidney
tissue samples. Protein was extracted from cultured cells by firstly completely
removing the culture media from petri dishes and washing two times with 5 ml of
cold PBS. Five hundred jj.1 of RIPA buffer was added and the cells scraped off the
base of the petri dish. The samples were left to stand at 4°C for 30 minutes and
then vortexed at frill power for 3 minutes. The samples were centrifuged for 30
minutes at 13,000 x g and the supernatant transferred to a fresh tube and
quantification performed. Western blots were probed with mouse monoclonal
antibody to Ang-1 as well as Ang-2, PCNA and p-actin that was used as a loading
control for each blot. 80 pi of protein was used for each experiment.

Controls

Negative controls were performed as previously described for western blots of
Ang-1, Ang-2 and Tie-2 on samples from vehicle- and FA-treated kidneys. These
consisted o f performing the western blot but omitting the primary antibody or
prereaction o f the primary antibody with an excess (10:1 weight/weight) of
blocking peptide. Furthermore, in these experiments, a positive control was also
used for Ang-1 and Ang-2. These controls consisted of full length Ang-1 and
Ang-2 cDNA expressed in 293 cells.

For each antibody, three independent samples were analysed for DCT cells with
addition o f 0.1, 1.0 and 10.0 ng/ml o f TNF-a and DCT cells without any added
TNF-a. A representative western blot from three data sets was shown. For each
antibody, a scatterplot was used to present the densitometric analysis of all data
sets at each time-point in DCT cells with addition of 0.1, 1.0 and 10.0 ng/ml of
TNF-a and DCT cells without any added TNF-a (n=3 for each group, at each
time-point). Due to the small numbers in each group and the fact that the same
kidney or animal was not being analysed at each time-point, it was not possible to
assess the levels of individual proteins with a parametric statistical test. A
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regression model allowed the assessment o f the levels of Ang-1, Ang-2 and
PCNA over the time-course of the whole experiment for each group as described
for previous western blotting experiments in this thesis.

Ang-2 Expression in the D CT Cell Supernatants

DCT cells were cultured until 80-90% confleuency and then transferred to serumfree media (DMEMF-12 with 1% antibiotic) overnight. Cells were exposed to 0.110.0 ng/ml of TNF-a for 24 hours and 50 ml of conditioned media collected.
Unstimulated DCT cells and unconditioned media were used as controls for these
experiments.

Supernatants were centrifuged at 2,500 x g for 15 minutes and filtered to remove
any cellular debris. Proteins from the supernatants were then precipitated with
ammonium sulphate (270 g/L). After the ammonium sulphate had dissolved at
room temperature the protein was recovered by centrifugation at 13,000 x g for 30
minutes. The supernatant was discarded and the protein redissolved in PBS. Any
remaining salt was removed using a Vivispin 20 ultrafiltration device by washing
with PBS and centrifuging at 6,000 x g for 30 minutes three times. 40 pi of the
one hundred times concentrated sample was run on a SDS-PAGE gel and levels of
Ang-2 detected.

Enzyme-Linked Immunosorbent Assay (ELISA) for VEGF Expression in
DCT Supernatants.

Basic Principles

To determine the amount of VEGF released into the supernatant of DCT cells an
enzyme-linked immunosorbent assay (ELISA) was used. ELISA combines the
specificity of antibodies with the sensitivity of simple enzyme assays, by using
antibodies or antigens that are coupled to an enzyme (Catty and Raykundalia
1989).
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The two-antibody ‘sandwich’ ELISA was used to determine the antigen
concentration in unknown samples. The ELISA technique was fast and accurate,
and if a purified antigen standard was available, the assay could determine the
absolute amounts of antigen in an unknown sample.

In this assay, one antibody (the ‘capture’ antibody) was purified and bound to a
solid phase. Antigen was then added and allowed to complex with the bound
antibody. Unbound products were then removed by washing, and a labelled
second antibody (the ‘detection’ antibody) was allowed to bind to the antigen,
thus completing the ‘sandwich’. The assay was then quantified by measuring the
amount of labelled second antibody bound to the matrix, through the use of a
colorimetric substrate (Catty and Raykundalia, 1989).

Addition o f Samples, Standards and Controls to ELISA Plates

The VEGF assay was performed according to manufacturers instructions. An
affinity purified polyclonal antibody specific for mouse VEGF was pre-coated
onto a 96-well microplate. Fifty pi of assay diluent was added to each well and 50
pi of VEGF standard, control or sample was added to the centre of each well.
Three samples were used for each condition and each experiment was performed
in duplicate. A serial dilution of 2.5 ng of recombinant mouse VEGF was set up,
as well as a mouse VEGF control to check the sensitivity of the assay. Samples
were then mixed by gently tapping the plate frame for 1 minute and incubated for
2 hours at room temperature.

Addition o f VEGF Conjugate

After washing away any unbound substances, an enzyme-linked polyclonal
antibody specific for mouse VEGF was added to the wells. Each well was
aspirated and washed with the washing buffer provided in the kit. Four hundred pi
of wash buffer was added to each well with a multi-channel pipette. After each
wash, the plate was inverted and blotted against paper towels to remove any
bubbles and remaining liquid. This process was repeated for a total of five washes.
One hundred pi of antibody against mouse VEGF conjugated to horseradish
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peroxidase was then added to each well. The plate was incubated for 2 hours at
room temperature.

Detection o f VEGF

Washing was repeated as above and 100 p.1 of substrate (50% hydrogen peroxide,
50% tetramethybenzidine) was then added to each well. The plate was incubated
for 30 minutes at room temperature. The enzyme reaction yielded a blue product,
which after adding 100 [Û of stop solution to each well turned yellow. The
intensity of the colour measured is in proportion to the amount of mouse VEGF
bound in the initial step. The optical density of each well was determined at 450
nm.

Calculation o f VEGF Levels and Statistics

The duplicate readings for each standard, control and sample were averaged and
the mean zero standard optical density was subtracted. A linear standard curve
was constructed by plotting the log o f the mouse VEGF concentration standards
versus the log of the optical density for each standard. A line of best fit was
plotted for this graph. The VEGF concentration of each sample could then be
obtained.

A scatterplot was used to present the VEGF immunoreactivity in all samples of
DCT cells with or without addition of 0.1-10.0 ng/ml of TNF-a for 8 and 24 hours
(n= three for each group at each time-point). Due to the small numbers in each
group and the fact that the same kidney or animal was not being analysed at each
time-point, it was not possible to assesss the levels of individual proteins with a
parametric statistical test. Instead a linear regression model was used. A
regression model allowed the assessment o f VEGF immunoreactivity over the
time-course of the whole experiment for each group (DCT cells with addition of
0.1, 1.0 and 10.0 ng/ml of TNF-a and DCT cells without any added TNF-a). The
relationship between the levels of VEGF immunoreactivity over time can be
summarised by drawing a straight line through a scatter of points and determining
the equation of this line in DCT cells with 0.1,1.0 and 10.0 ng/ml of TNF-a and
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DCT cells without any added TNF-a. The equations were then compared to each
other to determine whether the VEGF immunoreactivity in DCT cells with and
without TNF-a was different.
Tie-2 Phosphorylation Detected by Immunoprecipation
To determine the bioactivity effects o f TNF-a on distal tubule cells, Tie-2
phosphorylation was performed on heart endothelial cells (HEC) stimulated by
conditioned media from TNF-a stimulated DCT cells. A preliminary experiment
was performed to determine the time-course of Tie-2 phosphorylation. HEC were
stimulated with Ang-1 attached to Fc fragment isolated from the cell supernatant
of 293 kidney fibroblasts transformed using SV40 large T-antigen transfected with
Ang-1 Fc cDNA (Jones et al, 1999). Results indicated that the maximum Tie-2
phosphorylation occurred 5 minutes after addition of Ang-1 Fc.

HEC were grown in MCDB131 media supplemented with 10% FCS, Ix antibiotic
and 200 mM of L-glutamine. The cells were grown to 80-90% confluence and
then transferred to serum-free media overnight. HEC were then washed and
incubated for 20 minutes at 37°C with PBS containing 0.1 mM sodium
orthovandate. The PBS was removed and the endothelial cells stimulated for 5
minutes at 37°C with either conditioned media from DCT cells stimulated for 24
hours with 1 ng/ml of TNF-a, conditioned media from DCT cells without TNF-a
addition or unconditioned media with and without TNF-a for 5 minutes and
protein samples taken. Experiments were performed three times and Tie-2 levels
were compared to protein samples o f unstimulated endothelial cells.

Two hundred and fifty pg of protein was added to 1 ml of binding buffer (0.2 M
sodium phosphate, 20 pl/ml PMSF, 10 pl/ml sodium orthovandate). Thirty pi of
protein-A-agarose beads were added to the sample and left on a rotating mixer for
1 hour at 4°C. The beads were spun down in a centrifuge at 2,500 x g for 5
minutes and the supernatant collected into a fresh eppendorf tube. Five pi of Tie-2
rabbit polyclonal antibody was added and rotated for 2 hours at 4°C. A further 20
pi of protein-A-agarose was then added to the samples and left to rotate overnight
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at 4°C. The following day, the mixture was washed with binding buffer for 15
minutes at 4°C and then centrifuged for 5 minutes at 2,500 x g to collect the
beads. This was repeated 3 times and all binding buffer removed. 40 pi of 1 x
electrophoresis buffer was added to the beads and the sample denatured. 30 pi of
the produced supernatant was then run on a SDS-PAGE gel and then probed with
mouse monoclonal p-Tyr antibody.

The intensity o f Tie-2 phosphorylation was statistically compared between
endothelial cells stimulated for 5 minutes at 37°C with either conditioned media
from DCT cells stimulated for 24 hours with 1 ng/ml of TNF-a, conditioned
media from DCT cells without TNF-a addition or unconditioned media with and
without TNF-a for 5 minutes and protein samples of unstimulated endothelial
cells (n= three for each group) using the Mann-Whitney U test, with differences
considered significant when p < 0.05. Due to the small numbers in each group, it
was not possible to assesss the levels of individual proteins with a parametric
statistical test.
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Chapter 8: Results: Angiopoietin Expression
and Endothelial Turnover in Folic Acid
Induced Nephrotoxicity
The first aim of my research was to determine endothelial cell turnover in the
renal microcirculation and the expression of the Ang and VEGF families in a
model of acute nephrotoxicity.

To achieve this aim, nephrotoxicity was induced by FA in eight-week-old mice
and the histological changes observed and compared to vehicle treated controls.
Endothelial cell proliferation in the FA model was assessed by double
immunostaining for the endothelial marker, CD31 and PCNA, a marker of
proliferation. The protein expression of the Ang family was localised by
immunohistochemistry and quantitative analysis performed using western blotting
to compare relative values of Ang and Tie proteins during the course of acute
damage and subsequent regeneration. Similar experiments were performed using
antibodies to VEGF-A and its receptor to obtain immunohistochemical data and
quantitative analysis of VEGF-A and VEGFR-2 mRNA were also performed
using northern blotting.

Gross Morphology and Histology of the Folic Acid Model
Eight-week old male CDl mice were randomly assigned into two groups, those to
be injected with FA (the experimental group) and those to be injected with sodium
bicarbonate (the vehicle group). Kidneys were collected 1, 2, 3, 7 and 14 days
after injection, with six FA treated and three vehicle treated animals at each timepoint. Six control mice were not injected and used as a time 0 control group.

The animals in the FA group started to show signs of disease such as fatigue,
reduced alertness and bristling of the coat 12-24 hours after the FA injection.
These signs were absent in the control- and vehicle-treated groups.
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One day after FA administration deposits of folate were visible macroscopically
(n=4). Bright yellow streaks were observed running parallel to the renal tubules
over the kidney surface (Figure 8. IB). The folate deposits were predominately
seen by the naked eye in the kidney medulla. Folate deposits were not observed in
the cortex of the kidney. None of these deposits were observed in vehicle treated
animals (n=4) (Figure 8.1 A).

Histologically, the most striking changes, however, were observed in the renal
cortex following FA administration (n=4 for vehicle- and FA-treated animals at
each time-point). This was the area of the kidney that the rest of my histological
studies focused on. In the acute phase of renal damage, between one and three
days after FA injection, cortical tubules became dilated and had flattened epithelia
(Figure 8.2B to 8.2D). In the glomeruli o f the kidney, tuft structure was spared,
although Bowman’s spaces became prominent (Figure 8.2C). Seven days after
injection, most o f the kidney cortical areas had regenerated (Figure 8.2E).
However, some areas were apparently unable to recover and had a fibrotic
appearance (Figure 8.2F). In all of my studies the expression of vascular growth
factors were investigated in these phases o f FA induced nephrotoxicity. In vehicle
treated samples there was no structural abnormalities in the kidney (Figure 8.2A).

Ang-1 Protein Expression
Four animals were used for vehicle- and FA-treated groups at each time-point for
immunohistochemical analysis. Three or four sections of the whole kidney cortex
were analysed for each animal. The sections were examined at x40 and x63
magnification and representative photographs of the positive
immunohistochemical signal in many fields of each whole kidney section taken
and allowed a subjective comparison to be made between vehicle- and FA-treated
animals. It was not possible for the observer to be blinded in these experiments.

The expression of Ang-1 protein in vehicle and folic acid treated kidneys was
determined by immunohistochemistry during the acute phase of renal damage
following FA injection and the regenerating and fibrotic areas of the kidney in the
later stages following FA injection. (n=4 for vehicle- and FA-treated mice at each
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time-point with 3-4 whole kidney sections examined for each animal, panels were
representative of the Ang-1 expression in many fields for each whole kidney
section). Immunostaining was assessed by light microscopy in each sample and
intensities and localisation compared between vehicle treated and FA treated
animals at each time-point. Ang-1 immunohistochemistry was performed using a
rabbit polyclonal antibody against a 20 amino acid peptide sequence
corresponding to amino acids 21-40 at the amino-terminus of mouse Ang-1 from
Alpha Diagnostic International as described in the Materials section (ANG 11-A).
The Ang-1 immunogenic peptide had only a 35% homology with mouse Ang-2
and Ang-3 (Figure 6.2).

In vehicle treated animals, faint linear Ang-1 immunostaining was detected
between the cortical tubules, probably associated with capillaries (Figure 8.2A).
FA nephropathy was associated with acquisition of Ang-1 immunostaining in a
subset of injured cortical tubules one to three days after nephrotoxin
administration (Figure 8.2B and C): these tended to be of smaller calibre than
Ang-1 negative tubules, suggesting they were distal segments of the nephron. To
better define the subset of cortical tubules, which contained Ang-1
immunoreactive protein after induction of nephrotoxicity, sections were probed
with Ang-1 antibody and counterstained with haematoxylin and PAS (Figure 8.3)
(n=4 for vehicle- and FA-treated mice at each time-point with 3-4 whole kidney
sections examined for each animal, panels are representative o f the Ang-1
expression in many fields for each whole kidney section). Most damaged tubules
could be seen to have a thin brush border and were therefore proximal tubules:
they did not immunostain for Ang-1. A minority of tubules did not have brush
borders, as assessed by PAS staining, but did immunostain for Ang-1 : hence,
these are most likely to be distal tubules.

Ang-1 protein was also detected between damaged cortical tubules (Figure 8.2C)
and became detectable in walls of small cortical arteries in the first three days
after FA injection (Figure 8.2B), an appearance maintained in atrophic and
fibrotic areas (Figure 8.2F). By 14 days, Ang-1 immunostaining was
downregulated (Figure 8.2E) in cortical areas that had regenerated. No significant
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staining was detected after prereacting the antibody with immunising peptide
(Figure 8.2D).

No gross structural arterial changes were noted after FA administration (Figure
8.4A and B) (n=4 for vehicle- and FA-treated mice at each time-point with 3-4
whole kidney sections examined for each animal, panels are representative of the
Ang-1 expression in many fields for each whole kidney section). Large cortical
arteries in control and vehicle treated mice showed no significant Ang-1
immunohistochemistry (Figure 8.4A); whereas Ang-1 was detected in arterial
muscle layers in the kidneys of FA treated mice (Figure 8.4B). The normal
delicate pattern of vasa rectae blood vessels in the medulla of the kidney were
disrupted after FA administration, and these were surrounded by tubules
containing flattened epithelia (Figure 8.4C and D): the morphology of this region
returned to normal by seven days (not shown). Control animals showed Ang-1
immunostaining in vasa rectae (Figure 8.4C), but Ang-1 immunostaining became
diffijse in this location one to three days after FA (Figure 8.4D).
Tie-2 Protein Expression
Tie-2 protein was detected by immunostaining by a rat anti-mouse monoclonal
antibody provided by Toshio Suda, Department of Cell Differentiation, Institute of
Molecular Embryology and Genetics, Kumamoto University of Medicine, Japan
(Hamaguchi et al, 1999). This antibody was produced using the entire
extracellular domains of murine Tie expressed in cos-7. Tie-2 immunostaining
was detected in glomerular and cortical peritubular capillaries in control and
vehicle treated kidneys (Figure 8.5A). At all stages after FA administration, Tie-2
immunostaining was detected in capillaries located between acutely damaged
(Figure 8.5B) and regenerated (Figure 8.5C) cortical tubules (n=4 for vehicle- and
FA-treated mice at each time-point with 3-4 whole kidney sections examined for
each animal, panels were representative o f the Tie-2 expression in many fields for
each whole kidney section). Tie-2 capillary immunostaining was also detected in
cortical regions affected by tubular atrophy and interstitial fibrosis (Figure 8.5D).
Faint Tie-2 immunostaining was detected in vasa rectae of vehicle treated animals
(Figure 8.5E), and in the first few days after FA administration (Figure 8.5F): the
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signal appeared to be more prominent during recovery from FA-induced injury
(Figure 8.5G).

Quantitative Analysis of Angiopoietin Family Protein Expression in Vehicle
Treated and FA Treated Mice

Western blotting assessed total renal protein expression for the angiopoietin
family. For each antibody, three independent samples were analysed for vehicleand FA-treated animals at each time-point and the levels of Ang-1, Ang-2 and
Tie-2 western blot band intensity measured by densitometry. The intensity of the
bands in all groups for each blot were compared to levels at time-point 0 which
was given an arbitrary value o f 1. Due to the small numbers in each group and the
fact that the same kidney or animal was not being analysed at each time-point, it
was not possible to assess the results with a parametric statistical test. Instead, a
linear regression model was used. A regression model allowed an assessment of
the levels of Ang-1, Ang-2 and Tie-2 over the time-course of the whole
experiment for each group (vehicle- and FA-treated animals). The relationship
between the levels of Ang-1, Ang-2 and Tie-2 over time can be summarised by
drawing a straight line through a scatter of points and determining the equation of
this line in both vehicle- and FA-treated groups. The two equations were then
compared to each other to determine whether the control- and FA-treated groups
were different in terms of their Ang-1, Ang-2 and Tie-2 protein expression.

For Ang-1, the same ADI antibody (ANG 11-1) as described for
immunohistochemistry earlier in this section was used. Relatively weak bands at
50 and 70 kDa, probably representing the monomer and a glycosylated form, and
a stronger band at 100 kDa, most likely an Ang-1 dimer, were detected in kidney
samples from control, vehicle, and FA-treated mice (Figure 8.6A). These signals
were abolished after pre-reacting the primary antibody with Ang-1 immunizing
peptide (not shown). There was upregulation of the Ang-1 signal, with regard to
the 100 kDa band after FA injection. Regression analysis of the Ang-1
densitometric western blotting results of the 100 kDa band showed that Ang-1
levels in the FA group were on average 1.88 higher than controls (p < 0.0005).
There was no evidence that the Ang-1 levels changed over time in any groups.
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Ang-2 was detected by a rabbit polyclonal antibody raised against a 21 amino acid
peptide sequence corresponding to amino acids 21-41 at the amino terminus of
mouse Ang-2 obtained from Alpha Diagnostic International (ANG 2 1-A). The
homology between the Ang-2 antibody epitope and the mouse Ang-1 protein
sequence was only 38%. The homology between the Ang-2 antibody epitope and
the mouse Ang-3 protein sequence was only 14% (Figure 6.3). Ang-2 western blot
showed two major bands at 50 kDa and 70 kDa (Figure 8.6B) probably
representing the monomer and a glycosylated form. Ang-2 signals were of similar
intensities in organs from the vehicle and FA groups (Figure 8.6B) and were
abolished after pre-reacting primary antibody with Ang-2 peptide (not shown).
Regression analysis of the Ang-2 densitometric western blotting results showed
that Ang-2 levels were similar in control- and FA-treated animals. Ang-2
expression in the kidneys of vehicle- and FA-treated mice was assessed by Ang2/LacZ mice and will be discussed in a subsequent chapter.

Tie-2 protein was detected by a rabbit polyclonal antibody supplied by Santa Cruz
Biotechnology (sc-324) raised against a peptide corresponding to amino acids
1103-22 mapping at the carboxyl terminus of the precursor form of Tie-2 of
mouse origin. The antibody is non cross-reactive with Tie-1 according to
manufacturers datasheet. Tie-2 protein was detected at all times in both FA and
vehicle groups (Figure 8.6C). Regression analysis of the Tie-2 densitometric
western blot data showed that Tie-2 levels in the FA group were on average 0.34
higher than controls (p = 0.017). There was no evidence that Tie-2 levels changed
over time in any groups.

Each western blot was standardized to a loading control blot before quantification.
Most studies have used p-actin as a loading control for western blotting (for
example, (Welham et al, 2002)). However, following FA-treatment, p-actin
protein levels were seen to markedly increase one, three, seven and 14 days after
injection when compared to time-matched controls (Figure 8.7A) (n=3 for
vehicle- and FA-treated animals at each time-point). Hence, it could not be used
as a non-reactive ‘housekeeping’ protein in this experiment. Therefore, gels were
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stained with Coomassie blue solution and intensities of western bands
standardised for protein loading by factoring for the major (approximately) 50
kDa band visualised on Commassie blue stained gels (Figure 8.7B).

Endothelial Proliferation in Folic Acid Nephrotoxicity
Endothelial cell proliferation in the kidney cortex was determined by double
immunostaining for the endothelial marker, PEC AM and a marker of
proliferation, PCNA. PECAM was detected by a biotin-conjugated rat anti-mouse
monoclonal antibody obtained from Pharmingen (09332D). PCNA, a DNA
polymerase-5-associated protein expressed in S phase of the cell cycle (Bravo et
al, 1987) was detected by a biotin-conjugated mouse anti-human monoclonal
antibody from Pharmingen (3255A) (n=4 for vehicle- and FA-treated mice at each
time-point with 3-4 whole kidney sections examined for each animal, panels were
representative of the Tie-2 expression in many fields for each whole kidney
section). In control, vehicle treated and FA administrated groups, PECAM protein
was detected in glomerular and peritubular capillaries (Figures 8.8A-D) in
locations similar to those for Tie-2, described above. In areas of cortical
regeneration, peritubular capillaries immunostained for either Tie-2 or PECAM
appeared to have larger lumens than capillaries from similar areas in vehicle
treated organs; for example compare Figure 8.5C with Figure 8.5A for Tie-2 and
Figure 8.8C and F with Figure 8.8A and E for PECAM. Examination of 20 high
power fields from each kidney of vehicle treated mice revealed no cells expressing
both PECAM and PCNA (Figure 8.8E). In contrast, all high power fields from the
cortex of kidneys at two and three days after FA administration revealed between
one and 10 peritubular cells which co-expressed PCNA and PECAM (Figure
8.8F), consistent with capillary proliferation. Endothelial cell proliferation was not
detected at seven and 14 days after FA administration (not shown).

VEGF Expression in the FA Model
The expression of VEGF-A protein in the kidney following FA administration
was assessed by immunohistochemistry (n=4 for vehicle- and FA-treated mice at
each time-point with 3-4 whole kidney sections examined for each animal, panels
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were representative of the Tie-2 expression in many fields for each whole kidney
section). VEGF-A protein was detected by a rabbit polyclonal antibody raised
against a peptide corresponding to amino acids 1-140 of VEGF-A o f human origin
and can recognise the 165, 189 and 121 amino acid splice variants of VEGF-A
from Santa Cruz Biotechnology (sc-507).

In vehicle treated kidneys, VEGF-A protein was localised to glomeruli on
podocytes cells (Figure 8.9A). VEGF-A protein was also immunolocalised to
cortical tubular epithelial cells. VEGF-A protein levels were reduced in cortical
tubular epithelial cells and glomeruli from day one to three after FA
administration. There was some faint staining in dilated tubules (Figure 8.9B). No
significant staining was detected after prereacting the antibody with immunising
peptide (Figure 8.9C). From day seven after FA administration, VEGF-A protein
expression remained low in regenerating areas in glomeruli and tubules (Figure
8.9D). In interstitial fibrotic areas, high levels of VEGF-A were expressed in a
difttise pattern around damaged cortical tubules (Figure 8.9E).

VEGFR-2 protein expression in the kidney cortex was detected by
immunohistochemistry with a rat anti-mouse monoclonal antibody from
Pharmingen (555307) (n=4 for vehicle- and FA-treated mice at each time-point
with 3-4 whole kidney sections examined for each animal, panels were
representative of the Tie-2 expression in many fields for each whole kidney
section). The expression of VEGFR-2 in vehicle treated animals was restricted to
vascular endothelial cells, including glomeruli and peritubular capillaries. (Figure
8.10 A). In FA treated mice, VEGFR-2 was reduced in both o f these areas
particularly in the endothelium between tubules (Figure 8. lOB). Fourteen days
after injection of FA, VEGFR-2 protein expression was recovering in the
peritubular regenerated cortical tubular areas (Figure 8. IOC). In contrast, VEGFR2 staining was maintained at a reduced level in fibrotic interstitial areas (Figure
8.10D). In glomeruli, VEFGR-2 levels returned to control levels in both
regenerating and fibrotic parts o f the kidney (Figure 8. IOC and D).

Northern blotting assessed total renal mRNA expression for VEGF and VEGFR2. Three independent samples were analysed for vehicle- and FA-treated animals
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at each time-point and the levels of VEGF and VEGFR-2 northern blot band
intensity measured by densitometry. The intensity of the bands in all groups for
each blot were compared to levels at time-point 0 which were given an arbitrary
value of 1. Due to the small numbers in each group and the fact that the same
kidney or animal was not being analysed at each time-point, it was not possible to
assess the results with a parametric statistical test. Instead, a linear regression
model was used. The relationship between the levels of VEGF and VEGFR-2 over
time can be summarised by drawing a straight line through a scatter o f points and
determining the equation o f this line in both vehicle- and FA-treated groups. The
two groups can be compared to each other to determine whether they are different
in terms of their VEGF and VEGFR-2 expression.

For VEGF a band of 3.9 kb was detected by northern blotting (Figure 8.11 A).
VEGF levels were reduced following FA injection. Regression analysis of the
VEGF densitometric northern blotting results showed that VEGF levels in the FA
group were on average 0.553 lower than controls (p < 0.0005). There was no
evidence that the VEGF levels changed over time in any of the groups.

A band of 6.9 kb was detected for VEGFR-2 by northern blotting (Figure 8.1 IB).
Regression analysis of the VEGFR-2 densitometric northern blotting results
showed that VEGFR-2 levels in the FA group were on average 0.475 lower than
controls (p = 0.004). There was no evidence that the VEGFR-2 levels changed
over time in any o f the groups. However, further experiments need to be
performed to determine whether VEGFR-2 levels are reduced in the FA model.
From the scatter plot of this data it appears that VEGFR-2 levels have been raised
considerably in some of the control samples. This may account for the differences
observed between vehicle- and FA- treated animals and needs to be considered
when analysing the results in this experiment.
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Summary
1) FA was able to induce histological nephrotoxicity in mice. The FA model
consisted of an acute phase of tubular damage, followed by a subsequent
regeneration in the kidney.

2) Two to three days after FA administration revealed peritubular cells in the
kidney which co-expressed PCNA and PECAM, consistent with capillary
proliferation occurring in this model.

3) Ang-1 was upregulated in distal cortical tubules after FA administration
compared to vehicle treated controls. Expression of Ang-1 was also increased in
arterial muscle layers and vasa rectae of FA organs. The increase of Ang-1 protein
in FA-treated kidneys was confirmed by western blotting. Western blotting
indicated that there was no significant change in Ang-2 protein levels in vehicleand folic acid- treated animals.

4) Tie-2 immunostaining was detected in capillaries located between acutely
damaged and regenerated cortical tubules in FA treated mice. Regression analysis
of Tie-2 western blotting showed that protein levels in the FA group were
significantly higher than vehicle-treated animals.

5) VEGF-A protein levels were reduced one to three days after FA administration
when compared to vehicle treated animals. VEGF-A mRNA levels were shown to
be reduced in FA treated mice as indicated by northern blotting experiments.
VEGFR-2 levels tended to be reduced after FA administration, but further
experiments need to be performed to confirm this trend.
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Figure 8.1: Morphology of FA- injected kidneys.

Gross morphology o f vehicle and FA-injected kidneys (n^4 fo r vehicle and
FA-treated animals one day following injection). A. Kidney from vehicletreated animal. B. Kidney one day after FA administration. As assessed by the
naked eye the fo lic acid precipitates in the inner medulla (im) o f the kidney
(arrow and yellow streaks). There were a limited number o f folate deposits in
the outer medulla (om), but none in the kidney cortex (c).
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Figure 8.2: Ang-1 immunohistochemistry in the renal cortex of FA-treated
mice

Sections were counterstained with haematoxylin and reacted with Ang-1 antibody:
in D, antibody was prereacted with immunizing peptide (n^4 fo r vehicle- and FAtreated mice at each time-point with 3-4 whole kidney sections examined fo r each
animal, panels are representative o f the Ang-1 expression in many fields fo r each
whole kidney section). A. Kidney from vehicle treated mouse with faint linear
(arrow) Ang-1 immunostaining (brown) between tubules. B. One day after FA
administration, most epithelia were flattened: small arteries (v) and a minor
subset o f tubules (*) immunostainedfo r Ang-1. C. Three days after FA, Ang-1
immunostaining was observed in subsets o f tubules (*) and undesignated cells
(arrows) between tubules. Note dilated Bowman *s space. D. Similar area to C
showed no significant staining after prereaction o f antibody with immunizing
peptide. E. By 14 days after FA, most areas o f the kidney cortex regenerated and
Ang-1 was downregulated. F. Ang-1 was detected in vessels (v) in atrophic and
fibrotic areas. Bars are 40 pm.
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Figure 8.3: Ang-1 and PAS staining in FA-treated mice.

A section through the outer cortex, one day after FA administration probed
with Ang-1 antibody and counterstained with haematoxylin and FAS (n 4 for
vehicle- and FA-treated mice at each time-point with 3-4 whole kidney sections
examined for each animal, panels are representative o f the Ang-l expression in
many fields fo r each whole kidney section). Note the flattened tubular epithelia.
Most tubules have a thin, pink, brush border (arrows) and are therefore
proximal tubules (pt): these do not immunostain for Ang-l. A minority o f
tubules (*) do not have a brush border but do immunostain fo r Ang-l (brown):
these are most likely distal tubules. Bar is 40 pm.

180

A

-, V
/

i . •>

* 4
*

< f.

I

, , ‘V

*
.>

'

%

\

*

' T

’’ ‘

'

• ’ •V.'* ■

%

j

>• •
'• V
'
.

*•-

f
:

•

•

'

-t

*^v '

Figure 8.4: Ang-1 immunohistochemistry in arteries and medulla of FAtreated mice.

Sections were reacted with An^-1 antibody and haematoxylin (n 4 fo r vehicleand FA-treated mice at each time-point with 3-4 whole kidney sections examined
fo r each animal, panels are representative o f the Ang-1 expression in many fields
fo r each whole kidney section). A. No significant immunostaining was detected in
a large cortical artery (a) from a vehicle treated mouse. B. Ang-1 immunostaining
in the muscular layer o f a cortical artery (a) seven days after FA. C. Kidney from
vehicle-treated mouse with Ang-1 immunostaining in vasa rectae (arrows). D.
Three days after FA administration, vasa rectae were disorganized and
surrounded by tubules with flattened epithelia f^): diffuse Ang-1 immunoreactivity
was apparent in this area. Bars are 40 jjm.
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Figure 8.5: Tie-2 immunohistochemistry in FA-treated mice

Sections were reacted with Tie-2 antibody and haematoxylin (n=4 fo r vehicle- and
FA-treated mice at each time-point with 3-4 whole kidney sections examinedfor
each animal, panels are representative o f the Tie-2 expression in many fields fo r
each whole kidney section). A-D shows sections o f the kidney cortex while E-G
are sections o f the outer medulla. A. Low level o f Tie-2 immunostaining (brown)
in capillaries (arrows) between tubules in vehicle treated animal. B. Two days
after FA administration, immunostaining was noted in capillaries (arrows)
between damaged tubules (*). C. Tie-2 immunostaining was detected in dilated
capillaries between regenerated tubules seven days after FA. D. In atrophic and
fibrotic areas, Tie-2 immunostaining was apparent in interstitial capillaries. E.
Tie-2 immunostaining in vasa rectae from a vehicle treated mouse. F. One day
after FA, the outer medulla was disrupted with flattened tubule epithelia (*)
around vasa rectae, which expressed Tie-2. G. During regeneration, Tie-2
immunostaining was detected in vasa rectae. Bars are 40 pm.
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Figure 8.6: W estern blot of FA-treated kidneys

CO are untreated controls; Cl, C3, C7 and C l4 are kidneys one, three, seven and
14 days after vehicle administration; FI, F3, F7 and F 14 are kidneys after FA
administration. For each antibody, a representative western blot from three data
sets is shown and below a scatter plot presented consisting o f densitometric
analyses o f the 100 kDa band o f all data sets at each time-point in vehicle- and
FA-treated kidneys (n=3 fo r each group, at each time-point). The intensity o f all
bands in all groups fo r each blot was compared to levels at time-point 0 which
was given an arbitrary value o f 1. Each scatter p lo t was analysed using a
regression model allowing a comparison between vehicle- and FA-treated
animals over the time course o f the whole experiment. A. Ang-1 blot shows minor
bands at 50 and 70 kDa, most likely representing the monomer and glycosylated
monomer, and a major band at around 100 kDa, most likely representing the
dimer. Note upregulation o f signal, with regard to the 100 kDa band, after FA.
Regression analysis o f the Ang-1 scatter plot showed that Ang-1 levels in the FA
group were on average 1.88 higher than controls (p < 0.0005). There was no
evidence that Ang-1 levels changed over time in either group. B. Ang-2 blot shows
major bands at 50 kDa and 70 kDa, probably representing the monomer and a
glycosylatedform. Signals were o f similar intensities in the vehicle and FA
groups. Regression analysis o f Ang-2 scatter p lo t showed that Ang-2 levels were
similar in control- and FA-treated animals. C. Tie-2 blot shows a band at 160
kDa. Regression analysis o f Tie-2 scatter plot showed that Tie-2 levels in the FAgroup were on average 0.34 higher than controls (p < 0.017). There was no
evidence that Tie-2 levels changed over time in either group.
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Figure 8.7: Loading controls for western blotting in FA kidneys.

CO are untreated controls: C l, C3, C7 and C l4 are kidneys one, three, seven and
14 days after vehicle administration; FI, F3, F7 and F I4 are kidneys after FA
administration. A. A representative western blot showing f3-actin protein levels
with a major band at 42 kDa. Note up-regulation o f signal in all folic-acid treated
kidneys (n 3 fo r vehicle an dhA -treated animals at each time-point). B. A
representative SDS-FAGE gel stained with Coomassie blue solution. All western
bands were standardised fo r protein loading by factoring fo r the major 50 kDa
band visualised on Coomassie blue stained gels.
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Figure 8.8: PECAM immunostaining

Cortex sections reacted with PECAM antibody (positive reaction brown). E and F
were also immuostained with PCNA antibody (positive reaction blue) (n=4 fo r
vehicle- and FA-treated mice at each time-point with S-4 whole kidney sections
examined fo r each animal, panels are representative o f the PECAM and PCNA
expression in many fields fo r each whole kidney section). A-D were
counterstained with haematoxylin. A. Control kidney: PECAM immunostaining in
capillaries (arrows) between tubules and in glomeruli. B. One day after FA,
PECAM immunostaining was noted in distended capillaries (arrows) between
damaged tubules (*). C. Fourteen days after FA, PECAM was detected in
capillaries (arrows) between regenerated tubules. D. PECAM immunostaining in
fibrotic interstitium between atrophic tubules. E. In controls, PCNA positive
nuclei were absent in cortical capillaries immunostainedfo r PECAM. F. High
power fields from kidneys two to three days after FA administration showed
proliferating nuclei (five indicated by arrows) in PECAM expressing capillaries.
Other, PECAM-negative proliferating cells were noted in tubules (arrowheads)
and interstitium (unmarked). Bars are 40 pm in A-D and 20 pm in E andF.
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Figure 8.9: VEGF-A immunostaining in FA-treated mice

Cortex sections probed with VEGF-A antibody and counterstained with
haematoxylin (n=4 fo r vehicle- and FA-treated mice at each time-point with 3-4
whole kidney sections examined fo r each animal, panels are representative o f the
VEGF-A expression in many fields fo r each whole kidney section). A. Vehicle
treated kidneys showed positive staining, probably in the podocyte cells o f the
glomeruli (arrows) and a diffuse pattern o f staining around some cortical tubules.
B. Three days following FA injection, the intensity o f glomeruli staining was
diminished. There was still faint staining in dilated tubules (*). C. A similar area
to B, three days after FA injection after prereacting the antibody with immunising
peptide. There was no significant staining in the kidney cortex o f these sections.
D. In the regenerating areas o f the kidney cortex, seven days after FA injection,
levels o f immunostaining remained in the glomerulus. E. In contrast, in the
fibrotic areas o f the kidney, there was prominent VEGF-A staining in the
interstitium between tubules. Bars are 40 pm.
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Figure 8.10: VEGFR-2 immunostaining in renal cortex of FA-treated
mice.

Kidney cortex sections were probed with VEGFR-2 (Flk-1) antibody (n=4 fo r
vehicle- and FA-treated mice at each time-point with 3-4 whole kidney sections
examined fo r each animal, panels are representative o f the VEGFR-2
expression in many fields fo r each whole kidney section). A Vehicle treated
mouse kidney. Positive staining fo r VEGFR-2 was seen in the glomeruli
endothelia and in the blood vessels between tubules (arrows). B. VEGFR-2
staining was reduced in both o f these areas three days after folic acid injection
especially in the endothelium between tubules. Fourteen days after injection,
regenerating areas (C) had increased staining in the blood vessels between
tubules while in fibrotic areas (D) staining remained low. The staining in
glomeruli in both o f these areas tended to return to levels observed in vehicle
treated animals. Bars are 40 pm
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Figure 8.11: N orthern blotting for VEGF-A and VEGFR-2

For both VEGF-A and VEGFR-2, representative northern blots from three data
sets are shown. RNA samples were obtained from vehicle- and FA-treated mice 1,
3, 7 andfourteen days following injection. 18S ribosomal RNA was used as a
loading control. Below a scatter plot is presented consisting o f densitometric
analyses o f all data sets at each time-point in vehicle- and FA-treated kidneys
(n=3 fo r each group, at each time-point). The intensity o f all bands in all groups
fo r each blot was compared to levels at time-point 0 which was given an arbitrary
value o f 1. Each scatter p lo t was analysed using a regression model allowing a
comparison between vehicle- and FA-treated animals over the time course o f the
whole experiment. A. For VEGF a band o f 3.9 kb was detected by northern
blotting. Regression analysis o f the VEGF densitometric northern blotting results
showed that VEGF levels in the FA group were on average 0.553 lower than
controls (p < 0.0005). There was no evidence that the VEGF levels changed over
time in any o f the groups. B. A band o f 6.9 kb was detected fo r VEGFR-2 by
northern blotting. Regression analysis o f the VEGFR-2 densitometric northern
blotting results showed that VEGFR-2 levels in the FA group were on average
0.475 lower than controls (p = 0.004). There was no evidence that the VEGFR-2
levels changed over time in any o f the groups.
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Chapter 9: Results: Further Studies of Ang-2
Expression in the FA Model.
The next set of experiments I performed in my thesis were aimed to determine the
localisation in the kidney of Ang-2 in the FA model. In my earlier results, I
showed that by western blotting using a rabbit polyclonal antibody raised against a
21 amino acid peptide sequence corresponding to amino acids 21-41 at the mouse
amino terminus of mouse Ang-2 (Alpha Diagnostic International, ANG 21-A) that
Ang-2 levels remained constant in the FA model (Figure 8.6B). However, these
studies were performed using whole kidney extracts and gave no indication of the
specific localisation changes that may be important in the cortex and contribute to
endothelial remodelling in FA-induced nephrotoxicity.

It was difficult to obtain good immunohistochemical data with Ang-2 antibodies
in the FA model using paraformaldehyde-fixed kidneys. Attempts were made to
perform immunohistochemistry with two antibodies for Ang-2, firstly with the
rabbit polyclonal antibody obtained from Alpha Diagnostic International (ANG
21-A) that was used for western blotting, and secondly with an affinity purified
goat polyclonal antibody fi'om Santa Cruz Biotechnology (sc-70I7) raised against
a peptide corresponding to an amino acid sequence at the amino terminus of Ang2 of mouse origin, but none of these experiments were successful.

Therefore, two alternative strategies were used, both o f which have provided an
insight into Ang-2 localisation in the FA model. Firstly, heterozygous mice
described in the Methods and Materials sections that express the LacZ reporter
gene driven by the Ang-2 promoter were used. LacZ codes for bacterial Pgalactosidase, which is easily localised in tissues by the X-gal reaction and was
used to detect Ang-2/LacZ in control- and folic acid- treated kidneys. Secondly,
kidneys from the FA model performed in GDI mice were fixed in zinc, which
helps to preserve antigens in tissue sections. This allowed me to use the
commercially available antibodies mentioned above to detect Ang-2 protein
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expression by conventional immunohistochemistry. The results obtained using
both of these methods will be described in this chapter.

FA Model in Ang-2/LacZ Heterozygous Mice
Ang-2/LacZ heterozygous mice were determined by genotyping and then

randomly assigned into two groups, those to be injected with FA and those to be
injected with sodium bicarbonate. Mice of similar sex and age were used for each
group. Three animals were used for vehicle- and FA- treated animals at each timepoint. The kidneys o f the Ang-2/LacZ heterozygous mice have been extensively
studied by Yuan and colleagues (Yuan et al, 2000a). The neonatal and adult
kidneys of Ang-2/LacZ heterozygous mice were shown to be histologically normal
when compared to wild-type mice. There was no significant difference between
the kidney weights and the number of glomeruli per kidney of Ang-2/LacZ
heterozygous and wild-type mice (Yuan et al, 2000a).

The Ang-2/LacZ heterozygous mice in the FA group started to show similar signs
of disease as described for CDl male mice such as fatigue, reduced alertness and
bristling o f the coat 12-24 hours after the FA injection. These signs were absent in
the vehicle treated Ang-2/LacZ heterozygous mice.

Kidneys were sacrificed from Ang-2/LacZ heterozygous mice one and three days
following either FA- or vehicle-treated injection. X-gal staining was performed
and sections of stained kidneys were cut and assessed for Ang-2/LacZ expression
by light microscopy. Three animals were used for vehicle- and FA-treated animals
at each time-point with 3-4 sections of the whole kidney cortex and medulla
analysed for each animal. The sections were examined at x40 and x63
magnification and representative photographs of the Ang-2/LacZ expression in
many fields of each whole kidney section taken. It was not possible for the
observer to be blinded in these experiments.

When assessing Ang-2/LacZ expression, I mainly concentrated on the glomeruli,
tubules and large vessels of the kidney cortex as with previous experiments in this
thesis. However, intense Ang-2/LacZ staining has been reported in the descending
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limbs o f the loop o f Henle in the medulla of the adult mouse kidney (Yuan et al,
2000a). Photographs taken were representative of the Ang2/LacZ expression in
these areas and allowed a subjective comparison to be made between vehicle- and
FA-treated mice.

In the glomeruli o f vehicle treated kidneys of Ang-2/LacZ heterozygous mice
positive expression could be faintly detected (n=3 for vehicle- and FA-treated
Ang-2/LacZ mice at each time-point with 3-4 whole kidney sections examined for

each animal, panels were representative of the Ang-2/LacZ expression in many
fields for each whole kidney section). The expression was detected in the
mesangial cells o f the glomeruli (Figure 9.1 A). These cells have been shown to
express Ang-2 in-vitro (Yuan et al, 2000b). The glomeruli that expressed Ang2/LacZ tended to be the deeper juxtamedullary glomeruli, while the outer

superficial glomeruli were negative in the majority of cases. Three days following
FA nephrotoxicity, there was apparently more prominent Ang-2/LacZ expression
in the mesangial cells of the juxtamedullary glomeruli of the kidney cortex in
Ang-2/LacZ heterozygous mice (Figure 9. IB).

Ang-2/LacZ expression was also observed in the large renal arteries of the kidney

cortex o f vehicle- and FA-treated Ang-2/LacZ heterozygous mice (n=3 for
vehicle- and FA-treated Ang-2/LacZ mice at each time-point with 3-4 whole
kidney sections examined for each animal, panels were representative of the Ang2/LacZ expression in many fields for each whole kidney section). Vehicle treated
Ang-2/LacZ heterozygous mice showed faint positive expression of Ang-2/LacZ in

the muscular layers of the renal arteries (Figure 9.2 A) of the cortex. As assessed
by light microscopy, expression of Ang-2/LacZ was apparently more prominent in
the muscle layers of the renal arteries, three days after FA administration in Ang2/LacZ heterozygous mice (Figure 9.2B).

Ang-2/LacZ expression was also detected in the medulla of the kidney. In vehicle-

treated Ang-2/LacZ heterozygous mice there was prominent expression of Ang2/LacZ detected in the descending limbs of the loop of Henle (Figure 9.3A). The

expression oïAng-2/LacZ in the descending limbs of the loop of Henle in the
kidney medulla has also been observed in previous studies (Yuan et al, 2000a).
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Three days following injection o f FA, expression o f Ang-2/LacZ in the descending
limbs of the loop o f Henle was maintained in Ang-2/LacZ heterozygous mice. As
assessed in sections by light microscopy, the Ang-2/LacZ expression was at a
subjectively similar intensity to time-matched vehicle injected Ang-2/LacZ
heterozygous mice (Figure 9.3B) (n=3 for vehicle- and FA-treated Ang-2/LacZ
mice at each time-point with 3-4 whole kidney sections examined for each animal,
panels were representative of the Ang-2/LacZ expression in many fields for each
whole kidney section).

The blood vessels o f the vasa rectae in the outer medulla also expressed Ang2/LacZ in vehicle-treated Ang-2/LacZ heterozygous mice (Figure 9.4A) (n=3 for

vehicle- and FA-treated Ang-2/LacZ mice at each time-point with 3-4 whole
kidney sections examined for each animal, panels were representative of the Ang2/LacZ expression in many fields for each whole kidney section). One day

following FA injection, in Ang-2/LacZ heterozygous mice the vasa rectae was
disrupted, but vessels still expressed Ang-2/LacZ at a subjectively similar intensity
as vehicle treated Ang-2/LacZ heterozygous mice (Figure 9.4B).
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Ang-2 Immunohistochemistry
By using zinc-fixed kidneys, I was able to perform immunohistochemistry for
Ang-2 on CDl mice using a commercially available antibody (ADI, ANG 21-A,
for details see Materials section). The specificity of this antibody for Ang-2 was
previously examined by pre-absorption with immunising peptide in the process of
western blotting as described in the previous chapter. However, to confirm this
result a further experiment was performed before using this antibody for Ang-2
immunohistochemistry. In this experiment I used positive controls consisting of
full-length cDNAs for Ang-1 and Ang-2 expressed in 293 cells and used the ADI
rabbit Ang-2 antibody to detect the protein generated from these samples
following transcription (n=2).

The Ang-2 antibody from Alpha Diagnostic International (ANG 21-A) was able to
detect a 60 kDa protein generated after transcription of the Ang-2 cDNA
expressed in 293 cells (Figure 9.5). The Ang-2 antibody was unable to detect a
band of similar size in the samples of empty vector and those consisting of fulllength Ang-1 cDNA expressed in 293 cells.

For immunohistochemistry with this Ang-2 antibody four animals were used for
vehicle- and FA-treated animals at each time-point with 3-4 sections of the whole
kidney cortex and medulla analysed for each animal. The sections were examined
at x40 and x63 magnification and representative photographs o f the Ang-2
positive immunohistochemical signal in many fields of each whole kidney section
taken. It was not possible for the observer to be blinded in these experiments. As
with the X -gal staining, I mainly concentrated on the expression of Ang-2 in the
glomeruli, tubules, large vessels and descending limbs of the loop of Henle.
Photographs were representative o f the Ang-2 expression in these areas and
allowed a subjective comparison between vehicle- and FA-treated mice.

As assessed by immunohistochemistry with this antibody, Ang-2 protein was
expressed in the renal cortical arteries of vehicle- and FA-treated CDl mice (n=4
for vehicle- and FA-treated mice at each time-point with 3-4 whole kidney
sections examined for each animal, panels were representative o f the Ang-2
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expression in many fields for each whole kidney cortex). In vehicle treated mice,
faint immunostaining was detected in the muscular layer o f large cortical arteries
in the kidney (Figure 9.6A). During the acute phase of FA induced nephrotoxicity,
three days following FA administration, there was more prominent expression of
Ang-2 protein in the muscle layers of arteries as assessed by light microscopy
(Figure 9.6B). When the kidney started to regenerate, seven days after FA
injection, levels of Ang-2 expression in renal arteries tended to be reduced to
similar levels as in vehicle treated mice.

Positive staining for Ang-2 was observed in the kidney cortex of both vehicle- and
FA-treated mice (n=4 for vehicle- and FA-treated mice at each time-point with 3-4
whole kidney sections examined for each animal, panels were representative of
the Ang-2 expression in many fields for each whole kidney cortex). In vehicle
treated animals, expression of Ang-2 protein was detected in the epithelial cells
surrounding renal cortical glomeruli. In vehicle treated animals there was also
staining around some cortical tubules (Figure 9.7A). Three days after FA
administration, the staining around the glomeruli remained, while the cortical
tubular staining was more extensive (Figure 9.7B). Positive staining in the tubules
occurred in the dilated, larger tubules similar to those that were positive for Ang-1
immunostaining. However, there were also some smaller calibre tubules that were
positive for Ang-2, indicating that Ang-2 protein may be expressed in both
proximal and distal tubule segments of the nephron. When the kidney regenerated,
seven days following FA injection, the pattern of expression for Ang-2 was
similar to the acute phase of FA-induced nephrotoxicity (Figure 9.7D). In the
fibrotic areas of the kidney, there was a difftise expression of Ang-2 in the
interstitium between tubules (Figure 9.7E). No significant staining was observed
when the Ang-2 antibody was preabsorbed with immunising peptide indicating the
specificity of the rabbit Ang-2 polyclonal antibody obtained from Alpha
Diagnostic International (ANG 21-A).

In the medulla, unlike the situation for Ang-2/LacZ heterozygous mice, there was
no apparent positive staining for Ang-2 by immunohistochemistry in the
descending limbs in the medulla or vasa rectae of the kidney (Figure 9.8 A and
9.SB respectively) (n=4 for vehicle- and FA-treated mice at each time-point with
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3-4 whole kidney sections examined for each animal, panels were representative
of the Ang-2 expression in many fields for each whole kidney cortex). Three days
after FA administration, Ang-2 immunohistochemical signals were prominent in
the descending limbs of the loop of Henle (Figure 9.8C). There was faint staining
for Ang-2 in the blood vessels of the vasa rectae seven days following FA
injection (Figure 9.8D). Possible explanations of the variation seen in these
studies between Ang-2/LacZ expression and Ang-2 immunohistochemical pattern
will be considered in the Discussion of my thesis.
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Summary
1) Western blotting indicating that Ang-2 expression was uniform in the FAmodel when compared to time-matched controls. However, the studies in this
chapter have shown that the localisation of Ang-2 was affected by FA injection.

2) There was some variation between the findings for expression in experiments
using Ang-2/LacZ heterozygous mice and the results found using conventional
immunohistochemistry for Ang-2 in CDl mice (see summary in Figure 9.9).

3) Ang-2/LacZ was expressed in the cells o f the glomerulus, arteries, vasa rectae
and descending limbs of the medulla in vehicle-treated Ang-2/LacZ heterozygous
animals. After FA-injection, Ang-2/LacZ was more prominent in both the
glomeruli and arteries in Ang-2/LacZ heterozygous mice.

4) Immunohistochemistry indicated that Ang-2 was expressed in epithelial cells
surrounding the glomerulus, tubules and arteries in vehicle treated CDl mice.
After FA injection in the acute phase of nephrotoxicity, Ang-2 was more
prominent in arteries and tubules. When the kidney regenerated Ang-2 protein
levels were reduced in arteries, but there was some increase in Ang-2 protein
levels in the vasa rectae.
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Figure 9.1. Ang-2/LacZ expression in glomeruli of heterozygous Ang2/LacZ mice injected with FA.
Expression o f Ang-2/LacZ in glomeruli o f kidney cortex o f vehicle- and FAtreated Ang-2/LacZ heterozygous mice (n=3 fo r vehicle- and FA- treated Ang2/LacZ heterozygous mice at each time-point with 3-4 whole kidney sections
examined fo r each animal, panels are representative o f the Ang-2/LacZ
expression in many fields fo r each whole kidney section). Positive expression
fo r Ang-2/LacZ was shown in light-blue. A. Control kidneys expressed faint
levels o f Ang-2/LacZ in mesangial cells o f the deeper juxtamedullary glomeruli
(g). B. Three days after FA administration, there was more prominent Ang2/LacZ expression in the mesangial cells o f the juxtamedullary glomeruli. Bars
are 20 pm.

206

*-,

9 *

/

'

,

jk

#
,
rJ-

/

■ V
' #
Figure 9.2. Ang-2/LacZ expression in arteries of heterozygous Ang2""/LacZ mice injected with FA.
Muscle layers o f blood vessels in the kideny cortex showed positive
expression o f Ang-2/LacZ shown in light-blue (n^3 fo r vehicle- and FAtreated Ang-2/LacZ heterozygous mice at each time-point with 3-4 whole
kidney sections examined fo r each animal, panels are representative o f
the Ang-2/LacZ expression in many fields fo r each whole kidney section).
A. Vehicle-treated Ang-2/LacZ heterozygous mice showed faint positive
expression fo r Ang-2/LacZ in the musclar layers o f renal arteries (a) in
the kidney cortex. B. Expression o f Ang-2/LacZ was more prominent in
the muscle layers o f the arteries, three days after FA administration in
Ang-2/LacZ heterozygous mice. Bars are 20 pm.

207

V »

% "

% / v'v\

.

" Tv

%
V 't.

ti ,:•

t «
t

0

%»
f V

%

Figure 9.3. Expression of Ang-2/LacZ in the kidney medulla of Ang2/LacZ heterozygous mice injected with FA.
Ang-2/LacZ expression was detected in the kidney medulla (n=3 fo r vehicleand FA- treated Ang-2/LacZ heterozygous mice at each time-point with 3-4
whole kidney sections examined fo r each animal, panels are representative o f
the Ang-2/LacZ expression in many fields fo r each whole kidney section). A.
In vehicle treated Ang-2/LacZ heterozygous mice, prominent expression o f
Ang-2/LacZ was detected in the descending limbs o f the loop o f Henle
(arrows). B. A similar area o f the kidney medulla, three days following FA
administration in Ang-2/LacZ heterozygous mice. Ang-2/LacZ expression
was maintained at similar levels in the descending limbs o f the loop o f Henle.
Bars are 20 pm.

208

’

- 'U

*

‘

#

B

.

•

It . &

# *

Figure 9.4. Expression of Ang-2/LacZ in the vasa rectae of Ang-2/LacZ
heterzygous mice injected with FA.
Sections o f blood vessels in the outer medulla o f the kidney. Ang-2/LacZ
expression was shown in light-blue and counterstained with haematoxylin
(n=3 fo r vehicle- and FA- treated Ang-2/LacZ heterozygous mice at each
time-point with 3-4 whole kidney sections examined fo r each animal, panels
are representative o f the Ang-2/LacZ expression in many fields fo r each whole
kidney section). A. In vehicle treated mice, prominent expression o f Ang2/LacZ was seen in the interstitial capillaries (arrows) in the vasa rectae and
in the thin descending limbs o f the loop o f Henle. B. One day following FA
administration the vasa rectae was disrupted, but still expressed Ang-2/LacZ
at a similar intensity as vehicle-treated mice. Bars are 20 pm.
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Figure 9.5. Positive controls showing specificity of ADI Ang-2 rabbit
polyclonal antibody used for immunohistochemistry (ANG21-A).

The specificity o f the rabbit Ang-2 polyclonal antibody from Alpha Diagnostic
International (ANG 21-A) using positive controls consisting o f full-length cDNAs
fo r Ang-1 and Ang-2 expressed in 293 cells (n=2). The Ang-2 antibody from
Alpha Diagnostic International was able to detect a 50 kDa protein following
transcription o f the Ang-2 cDNA expressed in 293 cells. The Ang-2 antibody was
unable to detect a band o f similar size in the samples o f empty vector and those
consisting o f full-length Ang-1 expressed in 293 cells.
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Figure 9.6: Ang-2 expression in arteries of FA-treated C D l mice

Sections were reacted with Ang-2 antibody and haematoxylin (n=4 fo r vehicleandFA-treated mice at each time-point with 3-4 whole kidney sections examined
fo r each animal, panels are representative o f the Ang-2 expression in many fields
fo r each whole kidney section). A. Faint immunostaining was detected in the
muscular layers o f large cortical arteries (a) in vehicle treated mice. B. Three
days after FA administration there was more prominent immunostaining fo r Ang2 in the muscle layers o f the large arteries. C. When the kidney started to
regenerate, seven days after FA injection, levels o f Ang-2 expression in renal
arteries tended to be reduced to similar levels as in vehicle treated mice. Bars are
40 jjm.
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Figure 9.7: Ang-2 expression in the cortex of FA-treated C D l mouse kidneys.

Sections were reacted with Ang-2 antibody and haematoxylin (n=4 fo r vehicleand FA-treated mice at each time-point with 5-4 whole kidney sections examined
fo r each animal, panels are representative o f the Ang-2 expression in many fields
fo r each whole kidney section). A. Positive staining fo r Ang-2 in vehicle treated
was detected in epithelial cells surrounding the glomeruli (arrows). There was
also staining in some cortical tubules (*). B. Three days after FA administration,
the staining around the glomeruli remains and the cortical tubular staining was
more extensive. C. A similar area to B, showing no significant staining when the
Ang-2 antibody was prereacted with immunising peptide. D. Seven days following
FA injection, expression o f Ang-2 in regenerating areas was similar to the pattern
in acute phase o f FA induced nephrotoxicity. E. In the fibrotic areas o f the kidney,
Ang-2 expression was more diffuse in the interstitium between Ang-2 positive
tubules. Bars are 40 pm.
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Figure 9.8. Expression of Ang-2 protein in the medulla of CDl mice.

Sections were reacted with Ang-2 antibody and haematoxylin (n=4 fo r
vehicle- and FA-treated mice at each time-point with 3-4 whole kidney
sections examined fo r each animal, panels are representative o f the Ang-2
expression in many fields fo r each whole kidney section). Vehicle treated
animals showed no positive staining fo r Ang-2 in the descending limbs o f the
medulla or vasa rectae (A and B respectively). C. Three days follow ing FA
administration, there was prominent staining fo r Ang-2 in the descending
limbs o f the medulla (arrows). D. Seven days after FA injection, faint
positive staining occurred in the blood vessels o f the vasa rectae (arrows).
Bars are 40 pm.
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Glomerulus

Tubules

Positive expression in
glomerular mesangial
cells. More prominent
three days after FA.
N o expression in cortical
tubules.

Prominent expression in
descending limbs o f loop
o f Henle in vehicle and
FA-injected animals

Arteries

Positive expression in
muscular layers o f
arteries in vehicle-treated
controls. More prominent
after FA-injection.

Vasa rectae

Prominent expression in
vehicle and FA-injected
animals.

Expression in Bowm an’s
capsule. N o change
between vehicle- and FAtreated mice.
Cortical tubules positive
for Ang-2. Staining was
subjectively more
extensive after FA
injection.
N o staining in vehicletreated controls in
descending limbs o f loop
o f Henle. In acute phase
o f FA nephrotoxicity
more subjectively
prominent Ang-2
staining.
Positive staining in
muscular layers o f
arteries in vehicle-treated
controls. More prominent
three days after FAinjection, but reduced
levels subjectively when
kidney regenerates.
N o staining in vehicletreated animals. Seven
days after FA injection,
faint immunostaining for
Ang-2.

Figure 9.9. Expression of Ang’2/LacZ and Ang-2 immunohistochemistry in
vehicle- and FA-treated mice
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Chapter 10: Results: Inflammation in the
Folic Acid Treated Kidney.
In the two previous chapters, I have described experiments that show that the
expression o f the Ang family was altered in FA-induced nephrotoxicity. The next
aim of my study was to determine what factors may be involved in the regulation
of expression of the Ang family in this setting.

As outlined in the Introduction of my thesis, several studies have shown that proinflammatory cytokines regulate expression of the Ang family (Kim et al, 2000e)
(Wiliam et al, 2000). In addition, inflammatory cells and pro-inflammatory
cytokines have been shown to be upregulated in several models of renal disease
(Ortiz et al, 2000; Sakin et al, 1998; Ramesh and Reeves, 2002). Therefore, I
proposed that pro-inflammatory cytokines released from inflammatory cells
contribute to the regulation of the Ang expression in FA-induced nephrotoxicity.

In this chapter of my thesis, I performed several in-vivo experiments to determine
the presence of inflammatory cells and cytokine expression in FA-induced
nephrotoxicity. Two of the main pro-inflammatory cytokines shown in previous
studies to be expressed in models of ARF are IL -ip and TNF-a (Ramesh and
Reeves, 2002). Ramesh and Reeves showed that mRNA expression of TNF-a and
IL-lp was significantly increased as assessed by ribonuclease protection assays
and RT-PCR in cisplatin-induced ARF in mice. Therefore, the expression of TNFa and IL-ip was investigated in FA-induced nephrotoxicity by
immunohistochemistry and RT-PCR.

One of the main sources of pro-inflammatory cytokines has been shown to be
activated infiltrating macrophages, neutrophils and T-lymphocytes and these cells
have been immunolocalised in many models of ARF (Rabb et al, 1997; Takada et
al, 1997). In my study, macrophages, neutrophils and T-lymphocytes were
immunolocalised in the FA model and the time-course of the expression of these
cells determined.
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Four animals were used for vehicle- and FA-treated groups at each time-point
with 3-4 sections o f the whole kidney cortex and medulla analysed for each
animal. The sections were examined at x40 and x63 magnification and
representative photographs of positive immunostained macrophages, neutrophils
and T-lymphocytes in many fields of each whole kidney taken. It was not possible
for the observer to be blinded in these experiments. For these experiments, I
focused on expression in the cortex of the kidney, particularly between tubules
and in the glomeruli. The expression of these cells was determined during the
acute phase o f renal damage following FA injection and also the regenerating and
fibrotic areas o f the kidney in the later stages following FA injection. Photographs
were representative o f the expression of macrophages, neutrophils and Tlymphocytes in these areas and allowed a subjective comparison to be made
between vehicle- and FA-treated mice.

Expression of M acrophages in the FA Model
Sections were probed with anti-F4/80 antibody, a marker for macrophage cells
(n=4 for vehicle- and FA-treated mice at each time-point with 3-4 whole kidney
sections examined for each animal, panels were representative of the macrophage
expression in many fields for each whole kidney section). The antibody used in
this experiment was a rat antibody obtained from Serotec (MCA497), which
recognises the mouse F4/80 antigen, a 160 kDa glycoprotein expressed by murine
macrophages (Austyn and Gordon, 1981). The antigen was not expressed by
lymphocytes or polymorphonuclear cells. In the kidney cortex from vehicle
treated mice, there were sparse macrophages detected around glomeruli (Figure
10.1 A). Peritubular staining appeared to be moderately increased between
damaged tubules in the first few days after nephrotoxicity (Figure 10. IB). In
regenerated areas o f the kidney cortex, 14 days following FA administration, only
sparse macrophages remained between tubules and around glomeruli (Figure
10.1C). In contrast, F4/80 immunostaining was prominent in fibrotic and atrophic
locations 14 days following FA injection (Figure 10. ID).
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Expression of Neutrophils in the FA Model
Neutrophils were immunolocalised in the kidney cortex of vehicle- and FAtreated animals using an antibody for 7/4 (n=4 for vehicle- and FA-treated mice at
each time-point with 3-4 whole kidney sections examined for each animal, panels
are representative of the neutrophil expression in many fields for each whole
kidney section). The experiment was performed using a rat anti-mouse antibody
which recognises a polymorphic 40 kDa antigen expressed by polymorphonuclear
cells, but absent on resident tissue macrophages obtained fi"om Serotec
(MCA771G) (Hirsch and Gordon, 1983). The expression of neutrophils followed
a similar pattern as observed for macrophages. Kidney cortex sections fi*om
vehicle treated mice contained sparse neutrophils between some tubules (Figure
10.2A). Three days after FA injection, neutrophil staining was prominent between
damaged tubules (Figure 10.2B). In the regenerating areas of the kidney cortex, 14
days following FA injection, there was limited neutrophil staining between
tubules (Figure 10.2C). In contrast, 7/4 immunostaining for neutrophils was
prominent in fibrotic and atrophic areas of the kidney (Figure 10.2D).
Expression of T-lymphocytes in the FA Model
To determine T-lymphocyte expression in the FA model sections were probed
with anti CD3, a rat anti-mouse monoclonal antibody purchased fi’om Pharmingen
(2800 ID) (n=4 for vehicle- and FA-treated mice at each time-point with 3-4
whole kidney sections examined for each animal, panels are representative of the
T-lymphocyte expression in many fields for each whole kidney section). This
antibody reacted with the T-cell receptor CD3 complex, expressed on thymocytes
and matures murine T-lymphocytes (Miescher et al, 1989).

Cortex sections of kidneys from vehicle treated mice contained no CD3 positive
T-lymphocyte cells (Figure 10.3 A). Interestingly, T-lymphocyte expression was
more prominent around the glomeruli and between damaged tubules in the acute
phase o f FA-nephrotoxicity, three days after injection, than the neutrophils and
macrophages (Figure 10.3B). In the regenerating areas of the kidney at day 14
following FA-injection, there were fewer T-lymphocyte cells around cortical
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tubules (Figure 10.3C). In contrast, T-lymphocyte expression remained prominent
in the fibrotic and atrophic areas of the kidney cortex (Figure 10.3D).

Pro-Inflammatory Cytokines in the FA Model
I have shown that there was a prominent infiltration of T-lymphocytes,
macrophages and neutrophils in the FA model. Activated infiltrating
macrophages, neutrophils and T-lymphocytes could be a major source of proinflammatory cytokines, which were shown in previous studies to regulate Ang
expression (Kim et al, 2000e; Wiliam et al, 2000). These cytokines contributed to
inflammatory injury in many pathological situations. Two of the most important
pro-inflammatory cytokines in these pathological situations were TNF-a and ILlp. Therefore, I investigated the expression of TNF-a and IL -lp protein and
mRNA by immunohistochemistry and RT-PCR respectively.

TNF-a Expression in the FA Model
The expression o f TNF-a protein in the kidney cortex of vehicle- and FA- treated
animals was assessed by immunohistochemistry (n=4 for vehicle- and FA-treated
mice at each time-point with 3-4 whole kidney sections examined for each animal,
panels are representative o f the TNF-a expression in many fields for each whole
kidney section). This experiment was performed with a goat polyclonal antibody
raised against a peptide mapping at the amino terminus of TNF-a of mouse origin
(sc-1351, Santa Cruz Biotechnologies). There was no cross-reactivity with TNF-p
according to manufacturers datasheet.

In vehicle treated animals there was a diffuse staining for TNF-a in some tubules
in the kidney cortex (Figure 10.4A). One day after FA injection, positive staining
was observed in a subset of cortical tubules and some infiltrating cells in the
glomeruli (Figure 10.4B). Counterstaining sections with haematoxylin and PAS
determined the subsets of tubules that expressed TNF-a. Interestingly, the tubules
that were positive for TNF-a do not have a brush border and are therefore most
likely distal tubules (Figure 10.4F). These tubules had upregulated Ang-1
expression after FA administration (Figure 8.2) and therefore allowed me to
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consider using isolated distal tubule cells to assess the direct effects of TNF-a on
the Ang family in-vitro. These experiments will be described in the next chapter
of my thesis.

Positive staining in cortical tubules for TNF-a remained throughout the whole of
the experimental time period following FA injection especially in the regenerating
areas of the kidney cortex (Figure 10.4C). No significant staining was observed
following prereaction of TNF-a with immunising peptide (Figure 10.4D).

IL-ip Expression in the FA Model
IL-lp protein expression was determined by immunohistochemistry with a rat
anti-mouse monoclonal antibody obtained from Research and Development
Systems (MAB401) (n=4 for vehicle- and FA-treated mice at each time-point with
3-4 whole kidney sections examined for each animal, panels are representative of
the IL-lp expression in many fields for each whole kidney section).

In control animals there was no positive staining for IL -ip in the kidney cortex
(Figure 10.5 A). Following FA-administration, two days after injection there was
positive staining surrounding a subset of cortical dilated tubules (Figure 10.5B).
Pre-reaction of the IL-lp antibody with a 10:1 by weight excess of full-length
murine recombinant IL-ip abolished any staining in the kidney cortex (Figure
10.5C). Seven days after FA administration, there was no specific staining for ILip in regenerating areas, but a diffuse pattern of staining occurred around some
cortical tubules (Figure 10.5D). Some IL-ip staining remained in dilated tubules
in the fibrotic areas, seven days after FA administration (Figure 10.5E).

RT-PCR for TNF-a and IL-ip
RT-PCR for IL-lp and TNF-a following FA-injection was performed to
investigate mRNA expression o f these cytokines. RNA was extracted from timematched vehicle- and FA-treated kidneys one and seven days following injection.
(n=3 for vehicle- and FA-treated kidneys at each time-point). One pg of RNA was
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used from each sample to produce cDNA and then PCR for IL -lp and TNF-a
performed. Samples without AMV reverse transcripitase were used as a negative
control.

A major potential problem with RT-PCR occurred if too many PCR cycles were
performed and the level of PCR product obtained becomes saturated. This means
that comparison between different samples was difficult in these experiments. To
determine where the saturation point occurred for the IL-ip and TNF-a primers, a
set of PCR reactions were performed for each primer pair and a graph produced
comparing number of cycles to band intensity. If the number of cycles that had
been used in the experiment to compare levels of IL-lp and TNF-a in vehicleand FA-treated samples was shown to be in the linear part of the curve then the
reaction was not saturated at this point and comparisons between samples could be
made. Results indicated that the number of cycles used in all my experiments for
IL-lp and TNF-a were in the linear part of the PCR curve for each primer (data
not shown).

In vehicle and FA kidneys, one and seven days following injection transcripts for
TNF-a were observed at 270 bp (Figurel0.6A). The signal was more prominent in
FA treated samples. Transcripts for IL-lp were observed in all samples at 503 bp.
Seven days after injection there was more prominent expression of IL-lp
observed in FA-treated samples (Figure 10.6B). The products from each set of
primer were checked by sequencing. Transcripts for 18S ribosomal RNA at 197
bp indicate equal loading in this experiment (FigurelO.ôC).
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Summary
1) Following FA injection there was infiltration of T-lymphocytes, macrophages
and neutrophils.

2) Macrophages and neutrophils were moderately increased in the first few days
after FA induced nephrotoxicity between dilated tubules in the kidney cortex. In
the areas of the kidney that regenerated staining diminished, while being
maintained in the fibrotic areas of the kidney.

3) T-lymphocytes were more prominent than macrophages and neutrophils in the
acute phase after FA induced nephrotoxicity between dilated tubules in the kidney
cortex. T-lymphocyte expression was diminished in the regenerating areas of the
kidney cortex, while being maintained in the fibrotic areas.

4) TNF-a protein expression was more prominent in distal tubules following FA
injection as assessed by PAS staining. TNF-a mRNA also tended to be more
prominent in whole kidney samples from mice injected with FA compared with
time-matched controls as determined by RT-PCR.

5) EL-ip was expressed in dilated cortical tubules following FA induced injection,
but seemed to be less prominent than TNF-a. RT-PCR indicated that mRNA for
EL-Ip also increased in whole kidney samples following FA-administration.

223

KUk.
. . ' Z

.',

Figure 10.1. Macrophage immunostaining in FA-induced animals.

Kidney cortex sections were probed with F4/80 antibody and counterstained with
haematoxylin (n=4 fo r vehicle- and FA-treated mice at each time-point with 3-4
whole kidney sections examined fo r each animal, panels are representative o f the
macrophage expression in many fields fo r each whole kidney section). A. Kidney
from vehicle treated mouse contained sparse macrophages around glomeruli
(brown). B. Three days after FA, F4/80 immunostaining was prominent between
damaged tubules (*). C. In regenerated areas, at day 14, only sparse macrophages
remained. D. By contrast, F4/80 immunostaining was prominent in fibrotic and
atrophic locations. Bars are 40 pm.
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Figure 10.2. Neutrophil staining in FA-indueed kidneys.

Kidney cortex sections immunostained fo r 7/4 antibody fo r neutrophils and
counterstained with haematoxylin (n=4 fo r vehicle- and FA-treated mice at each
time-point with 3-4 whole kidney sections examined fo r each animal, panels are
representative o f the neutrophil expression in many fields fo r each whole kidney
section). A. Kidney from vehicle treated mouse contained sparse neutrophils
between cortical tubules (brown). B. Three days after FA injection, neutrophil
staining was prominent between damaged tubules (*) and around tubules. C. In
regenerated areas, at day 14, there was limited neutophil staining between
tubules. D. In contrast, 7/4 immunostaining was prominent in fibrotic and atrophic
locations. Bars are 40 pm
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Figure 10.3. T-lymphocyte staining in the FA-model.

Cortex sections were probed with CD3 antibody and counterstained with
haematoxylin (n=4 fo r vehicle- and FA-treated mice at each time-point with
3-4 whole kidney sections examined fo r each animal, panels are
representative o f the T-lymphocyte expression in many fields fo r each whole
kidney section). A. Kidney from vehicle treated mouse contained no CD3
positive T-lymphocyte cells. B. Three days following FA administration, Tlymphocyte expression was more prominent around the glomeruli and
between damaged tubules (*). C. In the regenerating areas o f the kidney
cortex, 14 days follow ing FA injection there were few er T-lymphocyte cells
around tubules. D. In contrast, T-lymphocyte expression remained prominent
in the fibrotic and atrophic areas o f the kidney cortex. Bars are 40 pm.
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Figure 10.4: Tum our necrosis factor alpha (TNF-a) immunostaining in the
FA-model

Cortex sections were immunostainedfo r TNF-a (n=4 fo r vehicle- and FA-treated
mice at each time-point with 3-4 whole kidney sections examined fo r each animal,
panels are representative o f the TNF-a expression in many fields fo r each whole
kidney section). A. In control animals there was a diffuse staining fo r TNF-a
surrounding some tubules in the kidney cortex. B. One day after FA injection,
positive staining was seen in a subset o f cortical tubules (*) and also in some cells
in the glomerulus (arrows). C. Day 14 (regenerated area). Positive staining
remained in tubules and some inflammatory cells D. Similar area to B showed no
significant staining after prereaction o f antibody with immunizing peptide. E and
F were sections probed with TNF-a and counterstained with haematoxylin and
PAS. E. Control animals. F. Two days after FA injection. M ost tubules have a
thin, pink, brush border (arrows) and were therefore proximal tubules (pt), they
do not immunostain fo r TNF-a. Some tubules (*) were positive fo r TNF-a but do
not have a brush border, these were most likely distal tubules. Bars are 40 jjm
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Figure 10.5: Interleukin-ip (IL -ip) immunohistochemistry in the FA-model

Cortex sections were immunostainedfor I L -ip (n=4 fo r vehicle- and FA-treated
mice at each time-point with 3-4 whole kidney sections examined fo r each animal,
panels are representative o f the lL-1 p expression in many fields fo r each whole
kidney section). A. In control animals there was no positive staining fo r IL-Ip. B.
Two days after FA administration, positive staining was seen in a subset o f
cortical dilated tubules (*). C. A similar area to B showed no significant staining
after prereaction o f antibody with full-length recombinant murine IL-lp. D. Seven
days after FA administration, there was a diffuse pattern o f staining around the
regenerating tubules o f the renal cortex. E. In fibrotic areas, seven days after FA
injection, some IL -Ip remained in dilated tubules (*). Bars are 40 pm.
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Figure 10.6: RT-PCR for TN F-a and EL-ip in control and FA-treated
kidneys
A representative RT-PCR fo r three samples to determine TNF-çc and IL -lfm R N A
expression in control (C) and folic acid (F) treated kidneys one and seven days
after injection (n=3 fo r control and FA-treated kidneys at each time-point).
Preliminary experiments showed that the number o f PCR cycles used fo r each
primer pair was in the linear part o f the PCR curve and therefore comparisons
between samples could be made. A. Transcript fo r TNF-çc was observed at 270 bp.
Note the more prominent signal in FA-treated samples. B. Transcript fo r I L -lp
was observed at 503 bp. Seven days after injection there was more prominent
expression in FA treated samples. Products were checked by sequencing. C.
Transcript fo r 18S ribosomal RNA at 197 bp indicated equal loading in this
experiment. Negative controls were performed without reverse transcripitase (-RT
lane).
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Chapter 11: Angiopoietin Regulation in Distal
Tubule Cells In-Vitro
In the previous chapter I began to investigate the hypothesis that proinflammatory cytokines released from inflammatory cells contributed to the
regulation o f the Ang and VEGF families in FA-induced nephrotoxicity.
Macrophages, neutrophils and T-lymphocytes were shown to be markedly
increased following FA-nephrotoxicity. The expression of the pro-inflammatory
cytokines, TNF-a and IL -ip was also more prominent after FA-administration.

Interestingly, TNF-a and IL-ip were immunolocalised to distal tubules following
FA-administration. Ang-1 and possibly Ang-2 were also immunolocalised to these
tubules in the FA-model. Therefore, I investigated isolated murine distal tubule
cells in-vitro to determine whether the pro-inflammatory cytokines IL -lp and
TNF-a were able to have a direct effect on Ang-1 and Ang-2 in these cells. The
following experiments in this chapter concentrated on the effect of TNF-a on the
distal tubule cells.

Mouse distal convoluted tubule (DCT) cells were obtained from Dr. Peter
Friedman, University of Pittsburgh, Pennsylvania, USA as described in the
Methods section. Previous studies showed that the cells have a DCT

pharmacological phenotype that included; (1) sodium and chloride uptake that was
inhibited by chlorothiazide but not bumetamide (Gesek and Friedman, 1992a); (2)
stimulation of calcium transport by parathyroid hormone (PTH) and
chlorothiazide (Gesek and Friedman, 1992a); (3) activation of adenyl cyclase by
PTH (Gesek and Friedman, 1992b).

The DCT cells were cultured in 10.0 ml petri dishes to 80-90% confluence and
then transferred to low-serum (0.2%) media. The cells were stimulated with 0.110.0 ng/ml of TNF-a for either 8 or 24 hours. Unstimulated cells without any
added TNF-a cultured in low serum media were used as time-matched controls at
0, 8 and 24 hours. The DCT cells had an epithelial morphology that gave cultures
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the appearance of pavement-like sheets with some cubiodal areas and some
elongated areas (Figure 11.1 A, n=3 for unstimulated controls without TNF-a).
The overall morphology o f the DCT cells stimulated with 1.0 ng/ml of TNF-a for
24 hours were more elongated compared to the time-matched controls with no
added TNF-a (Figure 11. IB, n=3 for TNF-a stimulated DCT cells).

DCT Cell Number and Viability Following TNF-a Stimulation
The first part of this study involved assessing the effects of TNF-a on cell
viability and total cell number. TNF-a has been shown to elicit its effects by
changing cell turnover by activating NF-kB and caspase pathways (Baud and
Karin, 2001). Therefore, I determined cell viability and number to assess the
effect that TNF-a stimulation on DCT cell turnover.

Cell samples were taken after stimulation with 0.1, 1.0 and 10.0 ng/ml of TNF-a
for 24 hours and compared to unstimulated time-matched DCT cells without TNFa (n=3 for unstimulated DCT cells without TNF-a and TNF-a stimulated DCT

cells). Disaggregated cells from each group were mixed in a trypan blue solution
and counted with a haemocytometer. Numbers of viable and non-viable cells in
each sample were determined. Cell viability was calculated as a percentage of the
total cell count for each individual sample and cell counts presented as the total
number of cells (viable and non-viable) in each 10.0 cm petri dish. Cell numbers
were statistically compared between TNF-a stimulated DCT cells and timematched DCT cells with no added TNF-a using the Mann-Whitney U test, with
differences considered significant when p < 0.05. Due to the small numbers in
each group, it was not possible to assess the differences with a parametric
statistical test.

The percentage o f cells viable after 24 hours was between 80-90% for
unstimulated DCT cells without TNF-a and TNF-a stimulated DCT cells (Figure
11.2). There was no significant difference in the cell viability between DCT cells
stimulated for 24 hours TNF-a and time-matched unstimulated DCT cells without
TNF-a
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The mean cell number in unstimulated time-matched DCT cells without TNF-a
after 24 hours was approximately 8x10^ cells for each 10.0 ml petri dish. There
was a significant reduction in cell number (p<0.05) between DCT cells stimulated
for 24 hours with 0.1, 1.0 or 10.0 ng/ml of TNF-a and unstimulated time-matched
DCT cells without TNF-a in all samples (Figure 11.3). The decrease in DCT cell
number following TNF-a stimulation did not bear a simple linear relationship. It
would have been interesting to see whether a concentration effect on cell number
did occur following TNF-a stimulation by using a wider range of concentrations
(between 0.01 ng/ml and 100.0 ng/ml). Also, by repeating the experiment with
more numbers a clearer picture of the trends in this data may have been obtained.

Proliferation and Necrosis Following DCT Stimulation with TNF-a
The specific mechanism of the reduced cell number following TNF-a stimulation
was investigated. Cell number reflects the balance of new cell generation by
proliferation and cell death (Shankland and Wolf, 2000). Western blotting for
PCNA, a DNA polymerase-ô-associated protein expressed in S phase (Bravo et al,
1987) was performed to determine whether the reduced cell number following
TNF-a stimulation was due to decreased proliferation of the DCT cells.

Three independent samples were analysed for DCT cells with addition of 0.1, 1.0
and 10.0 ng/ml of TNF-a and DCT cells without any added TNF-a stimulated for
either 8 or 24 hours. PCNA levels in unstimulated DCT at time-point 0 in each
blot were given an arbitrary value of 1 that all other samples were compared to.
The levels of PCNA western blot band intensity were measured by densitometry
and factorised for the house-keeping gene, p-actin. Due to the small numbers in
each group and the fact that the same kidney or animal was not being analysed at
each time-point, it was not possible to assess the results with a parametric
statistical test. A regression model allowed an assessment o f the level of PCNA
over the time-course of the whole experiment for each group. The relationship
between the levels of PCNA over time can be summarised by drawing a straight
line through a scatter of points and determining the equation of this line in DCT
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cells stimulated with 0.1, 1.0 and 10.0 ng/ml of TNF-a and DCT cells with no
added TNF-a. The equations were then compared to each other to determine
whether the groups were different in terms o f their PCNA protein expression.

For this experiment, a biotin-conjugated mouse anti-human monoclonal antibody
obtained from PharMingen (3255A) was used. PCNA western blots showed a
single band at 32 kDa, which was detected in both unstimulated and TNF-a
stimulated DCT cells (Figure 11.4). Regression analysis of the PCNA
densitometric western blotting results showed that there was some evidence of
PCNA levels falling as the dose of TNF-a increased. PCNA levels were
significantly lower in DCT cells stimulated with 1.0 and 10.0 ng/ml of TNF-a at
both 8 and 24 hour time-points when compared to DCT cells without any TNF-a.
PCNA levels in the DCT cells stimulated with 1.0 ng/ml of TNF-a were on
average 0.137 lower than DCT cells with no added TNF-a (p = 0.038). In DCT
cells stimulated with 10.0 ng/ml of TNF-a, PCNA levels were on average lower
by 0.236 when compared to the DCT cells with no added TNF-a (p = 0.001).

Cell death was evaluated following TNF-a stimulation using a commercially
available lactate dehydrogenase (LDH) kit. LDH, an enzyme present in all cells
was rapidly released into the cell culture supernatant upon damage of the plasma
membrane. The amount of LDH enzyme activity detected in the culture
supernatant correlates to the proportion o f lysed cells.

LDH levels were measured according to manufacturers instructions in 100 pi of
cell supernatant from DCT cells following exposure to 0.1, 1.0 and 10.0 ng/ml of
TNF-a for 8 or 24 hours and compared to time-matched unstimulated DCT cells
with no added TNF-a. A scatter plot was used to present the LDH release in all
samples of DCT cells and a linear regression model was used to analyse the data.
LDH levels in unstimulated DCT cells at time-point 0 were given an arbitrary
value of 1 that all the other samples were compared to (n=3 for unstimulated DCT
cells with no added TNF-a and TNF-a stimulated DCT cells at each dose and
time-point). Regression analysis of LDH levels showed that there was a tendency
for LDH levels to increase throughout time in the experiment for all groups (p <
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0.0005) indicating an increase in necrosis. However, there was no evidence of a
difference in LDH levels between DCT cells stimulated with TNF-a and
unstimulated time-matched DCT cells with no added TNF-a.

DCT Cell Protein Levels Following TN F-a Stimulation
I also investigated whether TNF-a caused a change in DCT cell size by
hypertrophy. The term cell hypertrophy can be used to describe when a cell
becomes enlarged due to an increase in protein and RNA content without DNA
replication (Fine, 1986). Many studies have shown that in renal disease a
reduction in nephron number occurs. In the majority of these cases there were
tubular epithelial cell hypertrophy (Hostetter, 1995).

As DCT cell numbers were reduced following TNF-a stimulation I decided to
measure the amount of cellular protein in samples following TNF-a stimulation.
This allowed me to determine whether the DCT cells are responding by becoming
hypertrophic and adapting to the reduced cell number following addition of TNFa in-vitro. This may be important when I consider further experiments later in this
chapter, such as the release of angiopoietins in the cell supernatants following
TNF-a stimulation.

Protein was collected in 500 pi of RIP A buffer after stimulation with 0.1, 1.0 and
10.0 ng/ml of TNF-a and compared to time-matched DCT cells with no added
TNF-a. The protein concentration was determined using BCA reagent and
micrograms o f protein were calculated for each 10.0 ml petri dish for each sample
(n=3 for unstimulated DCT cells with no added TNF-a and each TNF-a
stimulated group).

Approximately 1500 pg of protein in each 10.0 cm petri dish was detected
following 24 hours for both unstimulated DCT cells with no added TNF-a and
TNF-a stimulated samples (Figure 11.6). There was no significant difference in
the protein concentration between DCT cells stimulated for 24 hours with TNF-a
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and time-matched unstimulated DCT cells with no added TNF-a as determined by
analysis with the Mann-Whitney U test..

As DCT cells stimulated with TNF-a were shown to reduce in number when
compared to time-matched unstimulated DCT with no added TNF-a, each
individual cell had an increased amount of cellular protein. This indicated that the
DCT cells might be becoming hypertrophic to adapt for the reduced cell number
following TNF-a stimulation.
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Ang-1 Protein Expression in DCT Cells Following TN F-a Stimulation
Ang-1 protein levels in unstimulated and TNF-a stimulated DCT cell lysates were
determined by western blotting. These experiments were performed using an Ang1 monoclonal antibody. Details of the production o f this antibody were described
in XhQMethods section of my thesis. The Ang-1 monoclonal antibody was
generated against a 20 amino acid peptide sequence corresponding to amino acids
21-40 at the amino-terminal end of mouse Ang-1. The homology between the
Ang-1 antibody and the mouse Ang-2 and Ang-3 protein sequence was 35% in
both cases.

The specificity of the Ang-1 mouse monoclonal antibody used in these western
blotting experiments was tested using positive controls for Ang-1 and Ang-2. The
positive controls consisted of the expression of full-length cDNAs for Ang-1 and
Ang-2 in 293 cells. A negative control of empty vector was also included in this
experiment (n=2). The Ang-1 monoclonal antibody detected the protein generated
after transcription of the Ang-1 cDNA expressed in 293 cells. A specific band was
detected at 55 kDa (Figure 11.7). The Ang-1 antibody detected a band of similar
size in the samples of empty vector and those with Ang-2 expressed in 293 cells.
The bands in these samples indicated lower expression than that obtained for the
samples containing Ang-1 expressed in 293 cells. These bands might be due to
low levels o f Ang-1 protein being expressed in the 293 cells.

Ang-1 protein levels were measured in DCT cell lysates following 8 and 24 hours
stimulation with 0.1, 1.0 and 10.0 ng/ml of TNF-a and compared to time-matched
DCT cells with no added TNF-a. Three independent samples were analysed for
Ang-1 expression. Ang-1 levels in unstimulated DCT at time-point 0 in each blot
were given an arbitrary value of 1 that all other samples were compared to. The
levels of Ang-1 western blot band intensity were measured by densitometry and
factorised for the house-keeping gene, P-actin. Due to the small numbers in each
group and the fact that the same kidney or animal was not being analysed at each
time-point, it was not possible to assess the results with a parametric statistical
test. A regression model allowed an assessment of the level o f Ang-1 over the
time-course of the whole experiment for DCT cells stimulated with 0.1, 1.0 and
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10.0 ng/ml of TNF-a and DCT cells with no added TNF-a. The groups can then
be compared to each other to determine whether they are different in terms of their
Ang-1 protein expression.

Ang-1 western blots detected a band in all DCT cell lysates at approximately 55
kDa, the expected size for Ang-1 protein (Davis et al, 1996) (Figure 11.8A). A
positive control consisting of full-length Ang-1 cDNA expressed in 293 cells was
used in each blot. The Ang-1 monoclonal antibody was able to detect a 55 kDa
protein generated following transcription of the Ang-1 cDNA expressed in 293
cells. As a further negative control, blots were probed with Ang-1 prereacted with
a 10; 1 weight excess of blocking peptide. The Ang-1 signal in these blots was
reduced in both the DCT samples and Ang-1 positive control. Regression analysis
of the Ang-1 densitometric western blotting results showed that Ang-1 levels were
similar in DCT cells with addition of 0.1, 1.0 and 10.0 ng/ml of TNF-a and DCT
cells without any added TNF-a.

Ang-2 Protein Expression in DCT Cells Following TNF-a Stimulation
The protein levels of Ang-2 in unstimulated and TNF-a stimulated DCT cell
lysates was determined by western blotting. Western blotting was performed using
an Ang-2 antibody from Santa Cruz Biotechnologies (sc-7017), an affinity
purified goat polyclonal antibody raised against a peptide at the amino terminus of
Ang-2 of mouse origin. According to the manufacturers datasheet, this antibody
does not cross-react with mouse Ang-1 or Ang-3.

As for the Ang-1 western blotting experiments in this chapter of my thesis, I used
the positive controls, which consisted of full-length cDNAs for Ang-1 and Ang-2
expressed in 293 cells to test the specificity of the Santa Cruz goat polyclonal
Ang-2 antibody (n=2). The Ang-2 antibody fi’om Santa Cruz detected the protein
generated after transcription of the Ang-2 cDNA expressed in 293 cells (Figure
10.9). A specific band was detected at 55 kDa. The Ang-2 antibody detected a
band of similar size in the samples of empty vector and those with Ang-1
expressed in 293 cells. The bands in these samples indicated a lower expression of
Ang-2 than those obtained for samples containing Ang-2 expressed in 293 cells.
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These bands may be due to low levels of Ang-2 protein being expressed in the 293
cells and then detected by the Ang-2 antibody from Santa Cruz.

Ang-2 protein levels were measured in DCT cell lysates following 8 and 24 hours
stimulation with 0.1, 1.0 and 10.0 ng/ml of TNF-a and compared to time-matched
DCT cells with no added TNF-a. Three independent samples were analysed for
Ang-2 expression. Ang-2 levels in unstimulated DCT at time-point 0 in each blot
were given an arbitrary value of 1 that all other samples were compared to. The
levels of Ang-2 western blot band intensity were measured by densitometry and
factorised for the house-keeping gene, P-actin. Due to the small numbers in each
group and the fact that the same kidney or animal was not being analysed at each
time-point, it was not possible to assess the results with a parametric statistical
test. A regression model allowed an assessment of the level o f Ang-2 over the
time-course o f the whole experiment for DCT cells stimulated with 0.1, 1.0 and
10.0 ng/ml of TNF-a and DCT cells with no added TNF-a. The groups can then
be compared to each other to determine whether they are different in terms of their
Ang-2 protein expression.

Ang-2 western blots detected two main bands in all DCT cell lysates at 55 kDa
and 70 kDa, most likely representing the monomer and glycosylated forms of
Ang-2 (Figure 1l.lOA). A positive control consisting of full-length Ang-2 cDNA
expressed in 293 cells was used in each blot. The Ang-2 antibody from Santa Cruz
was able to detect a 55 kDa protein generated following transcription of the Ang-2
cDNA expressed in 293 cells. The size of this band appeared slightly smaller than
the bands detected in the DCT cell lysate samples. As a further negative control,
blots were probed with Ang-2 prereacted with a 10:1 weight excess of blocking
peptide. The Ang-2 signal in these blots was reduced in both the DCT samples
and Ang-2 positive control. Blots for Ang-2 showed a tendency for increased
levels in all the TNF-a stimulated DCT cell samples when compared to timematched DCT cells with no added TNF-a (Figure 11.10). However, regression
analysis of three independent samples showed that Ang-2 levels were similar in
DCT cells with addition of either 0.1, 1.0 or 10.0 ng/ml of TNF-a and timematched DCT cells with no added TNF-a. The p values for this analysis were
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very close to significance in this experiment and further numbers may have been
able to produce a positive result.

The Santa Cruz goat polyclonal antibody was used to detect Ang-2 protein levels
in the DCT supernatant in unstimulated and TNF-a stimulated cells. Initial
experiments were also performed with Ang-1 mouse monoclonal antibody, but
were not completed in time for this thesis.

Fifty ml of supernatant from DCT cells stimulated with 0.1-10.0 ng/ml of TNF-a
for 24 hours and unstimulated time-matched DCT cells without any added TNF-a
were taken. A further sample of control DCT cell supernatant was collected at
time-point=0. Proteins from the supernatant of each sample were then precipitated
with ammonium persulphate, redissolved in PBS and run on a SDS-PAGE gel.
Two specific bands were detected at 60 kDa and 50 kDa (Figure 11.11). These
may represent normal native Ang-2 and also a smaller secreted band. The Ang-2
signal was subjectively more prominent in supernatants following 0.1 ng/ml TNFa stimulation for 24 hours.

VEGF-A Expression in DCT Cell Lysates and Supernatants Following TNFa Stimulation

The actions of Ang-2 was shown in my Introduction to be dependent on VEGF
signalling, Ang-2 facilitates sprouting when ambient VEGF-A is high but causes
regression when ambient VEGF-A is low (Maisionpierrre et al, 1997). Therefore,
I measured the levels of VEGF-A in unstimulated and TNF-a stimulated DCT cell
supernatants.

The immunoreactivity of VEGF-A in the DCT supernatant was determined
following TNF-a stimulation by ELISA techniques (Figure 11.12). A scatter plot
was used to present the VEGF immunoreactivity in all samples of DCT cells with
or without addition of 0.1-10.0 ng/ml of TNF-a for 8 and 24 hours (n= three for
each group at each time-point). Due to the small numbers in each group and the
fact that the same kidney or animal was not being analysed at each time-point, it
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was not possible to assess the levels o f individual proteins with a parametric
statistical test. Instead a linear regression model was used. A regression model
allowed the assessment of VEGF immunoreactivity over the time-course of the
whole experiment for each group (DCT cells with addition of 0.1, 1.0 and 10.0
ng/ml of TNF-a and DCT cells without any added TNF-a).

Regression analysis for VEGF immunoreactivity indicated that levels increased
throughout the experiment in all groups (p < 0.0005). There was also evidence
that VEGF-A immunoreactivity was significantly lower at both time-points in
DCT samples with 0.1, 1.0 and 10.0 ng/ml of TNF-a when compared to DCT
cells without any added TNF-a. However, there was no indication that there was a
concentration-dependent change in VEGF-A immunoreactivity. VEGF levels in
DCT cells stimulated with 0.1 ng/ml of TNF-a were on average 13.60 pg/ml
lower than DCT cells without any added TNF-a (p = 0.03). VEGF levels
following stimulation of DCT cells with 1.0 ng/ml of TNF-a were on average
16.57 pg/ml lower than DCT cells without any added TNF-a (p =0.01). DCT cells
stimulated with 10.0 ng/ml of TNF-a were on average 13.74 pg/ml lower than
DCT cells without any added TNF-a (p = 0.03) in terms of their VEGF
immunoreactivity.

Tie-2 Phosphorylation in Mouse Heart Endothelial Cells Stimulated with
DCT Conditioned Media

The final experiments in this thesis were performed to determine the biological
effects of the milieu secreted from the DCT conditioned media with and without
TNF-a. The DCT conditioned media with and without TNF-a was added to
cultures of embryonic mouse heart endothelia. Tie-2 tyrosine phosphorylation
(Tie2P) was then assessed in these cells to determine the overall effects of the
Ang-1 and Ang-2 effects seen in my earlier experiments in this chapter.

A murine myocardium-derived endothelial cell line (SMHEC4) was obtained
from Dr. J. Plendl, Institute for Veterinary Anatomy, University of Munich,
Germany (Plendl J et al, 1995). These cells constitutively expressed common
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molecules that are found on endothelial cells including von Willebrand factorassociated antigen and vascular cell adhesion molecule-1 (VCAM-1) (Plendl J et
al, 1995). The endothelial cells had a classical morphology, which gave growing
cultures the appearance o f spindle-shaped endothelial cells (Figure 11.13).

Firstly the time-course of Tie2P in heart endothelial was determined by
preliminary experiments. This was achieved by exposing the endothelial cells to
Ang-1 attached to Fc fragment for different lengths of time and then measuring
Tie2P by immunoprécipitation. Protein samples were taken from unstimulated
heart endothelial cells (time-point 0) and from endothelial exposed to Ang-1 Fc
for 1, 5 and ten minutes respectively (n=2 for each group).

Immunoprécipitation required two antibodies. Firstly, Tie-2 was precipitated from
endothelial cell samples using a rabbit polyclonal antibody raised against a
peptide corresponding to amino acids 1103-22 at the carboxyl terminus of the
precursor form of Tie-2 of mouse origin obtained from Santa Cruz
Biotechnologies (sc-324). The antibody is non cross-reactive with Tie-1. Western
blotting was then performed on these samples and blots probed with p-Tyr
antibody to detect the phosphorylated form of Tie-2. The p-Tyr antibody used was
a mouse monoclonal IgGib antibody derived by fusion o f mouse myeloma cells
with spleen cells from a mouse immunized with phosphotyrosine conjugated to
keyhole limpet hemocyanin (Santa Cruz Biotechnologies, sc-7020). According to
the manufacturers datasheet, p-Tyr specifically detected phosphotyrosinecontaining proteins. P-Tyr was non cross-reactive with phosphoserine or
phosphothreonine.

A specific band for Tie2P was detected at 140 kDa (Figure 11.14). Tie2P levels
increased to reach a maximum level when expressed to Ang-1 Fc for 5 minutes.
Levels of Tie2P then tended to decrease after this point as seen in endothelia
exposed to Ang-1 Fc for 10 minutes.

I then determined Tie-2 phosphorylation as a biomarker of Tie-2 activation
following exposure to DCT conditioned media with and without 0.1 ng/ml TNF-a
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stimulation for 24 hours. Samples were also taken to determine the Tie-2P of
unstimulated endothelial cells without any added TNF-a and also endothelial cells
exposed to DCT unconditioned media. The intensity of Tie-2 phosphorylation was
statistically compared between groups using the Mann-Whitney U test, with
differences considered significant when p < 0.05. Due to the small numbers in
each group, it was not possible to assess the levels o f individual proteins with a
parametric statistical test.

A specific band was detected at 140 kDa in all endothelial cell samples (Figure
11.15). Unstimulated endothelial cells showed a background level of Tie-2P.
Endothelial cells exposed to unconditioned DCT media for 5 minutes showed no
significant change in Tie-2P levels. Following exposure to DCT-conditioned
media without any added TNF-a, Tie2P significantly (p<0.05) increased,
indicating that Ang-1 was being released into the supernatant from the DCT cells.
This effect was abolished when endothelial were exposed to conditioned media
from TNF-a (0.1 ng/ml for 24 hours)-primed DCT, consistent with the
observation that such cells upregulate Ang-2.
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Summary
1) This was the first definite demonstration that renal epithelial cells express and
secrete bioactive angiopoietins.

2) TNF-a caused a reduction in DCT cell proliferation leading to a reduced cell
number.

3) Conditioned media from DCT cells stimulated with TNF-a was able to reduce
Tie-2 phosphorylation when added to endothelial cells.

4) As TNF-a also decreased VEGF release, the cytokine may have encouraged an
anti-angiogenic milieu with decreased capillary stability and microvessel
regression.
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Figure 11.1. Morphology of DCT cells in culture with and without TNFa stimulation.

The D CT cells had an epithelial morphology that gave cultures the
appearance o f pavement-like sheets with some cubiodal areas and some
slightly elongated areas. A. D CT cells in low-serum media fo r 24 hours with
no added TNF-a. B. D C T cells in low-serum media fo r 24 hours with 1
ng/ml TNF-a stimulation. The DCT cells were more elongated compared to
the time-matched controls with no added TNF-a (n=3 fo r TNF-a stimulated
D CT cells and time-matched D C T cells with no added TNF-a). Bars are 80
pm.
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Figure 11.2. Assessment of cell viability by trypan blue staining of DCT cells
following TNF-a stimulation.

Cell viability was determined using trypan blue staining in the D C T cells with and
without TNF-a stimulation. Samples were taken 24 hours after exposure to
0.1-10.0 ng/ml o f TNF-a and compared to time-matched unstimulated D CT cells
with no added TN F-a. Results were presented as means o f % o f viable cells in
each sample (± SEM) (n=3). There was no significant difference in the cell
viability between D CT cells stimulated fo r 24 hours with 0.1-10.0 ng/ml o f TNF-a
and unstimulated D CT cells with no added TN F-a.
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Figure 11.3. Assessment of cell number of DCT cells following TNF-a
stimulation for 24 hours.

Cell number was determined in D C T cells with and without TNF-a stimulation.
Samples were taken 24 hours after exposure to 0.1-10.0 ng/ml o f TNF-a and
compared to time-matched unstimulated D C T cells with no added TNF-a.
Results were presented as means o f cells/10.0 ml petri dish in each sample (±
SEM) (n=3). There was a significant reduction in cell number (* = p<0.05)
between D C T cells stimulated fo r 24 hours either with 0.1, 1.0, 10.0 ng/ml o f

TNF-a and unstimulated D C T cells with no added TNF-a. The decrease in D CT
cell number following TNF-a stimulation d id not bear a simple linear
relationship.
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Figure 11.4: Western blotting for PCNA in DCT cells with and without TNFa stimulation

Samples were taken 8 and 24 hours from D CT cells exposed to 0.7, 1.0 and 10.0
ng/ml o f TNF-a and compared to time-matched D C T cells with no added TNF-oc.
For PCNA, a representative western blot from three data sets is shown and below
a scatter p lo t presented consisting o f densitometric analyses o f all data sets from
DCT cells exposed to 0.1, 1.0 and 10.0 ng/ml o f TNF-a and D C T cells with no
added TNF-a The intensity o f all bands in all groups fo r each blot was compared
to levels at time-point 0 which was given an arbitrary value o f 1 and factorised fo r
p-actin. The scatter p lot was analysed using a regression model allowing a
comparison between the D C T cells stimulated with 0.1, 1.0 and 10.0 ng/ml and
D CT cells with no added TNF-a over the time-course o f the whole experiment. A.
PCNA western blots showed a single band at 32 kDa, which was detected in both
unstimulated and TNF-a stimulated D CT cells. B. A scatter p lo t fo r PCNA levels
from three data sets. Regression analysis showed that PCNA levels were
significantly lower in D CT cells without any TNF-a at both time-points. PCNA
levels in the D CT cells stimulated with 1.0 ng/ml o f TNF-a were on average 0.137
lower than D C T cells with no added TNF-a (p = 0.038). In D C T cells stimulated
with 10.0 ng/ml o f TNF-a, PCNA levels were on average lower by 0.236 when
compared to the D CT cells with no added TNF-a (p = 0.001).
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Figure 11.5. DCT cells and LDH release following TNF-a stimulation.

Lactate dehydrogenase (LDH) production was measured to determine cell death
in D CT cells with and without TNF-a exposure. Cell supernatant samples were
taken from D C T cells follow ing 8 and 24 hours exposure to 0.1, 1.0 and 10.0
ng/ml o f TNF-a and compared to time-matched D CT cells with no added TNF-a.
A scatter p lo t was used to present the LDH release in all samples o f D C T cells and
a linear regression model was used to analyse the data. LDH levels in
unstimulated D C T cells at time-point 0 were given an arbitrary value o f 1 that all
other samples were compared to (n=3 fo r unstimulated D C T cells with no added
TNF-a and TNF-a stimulated D CT cells at each dose and time-point). Regression
analysis showed that there was a tendency fo r LDH levels to increase throughout
time fo r all groups (p < 0.0005). There was no evidence o f a difference in LDH
levels between D CT cells stimulated with TNF-a and unstimulated time-matched
D CT cells with no added TNF-a.
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Figure 11.6. Protein concentration in DCT cells following TNF-a stimulation
for 24 hours.

Protein concentration was determined using BCA reagent in the D C T cells with
and without TNF-a stimulation. Samples were taken 24 hours after exposure to
0.1-10.0 ng/ml o f TNF-a and compared to unstimulated D C T cells with no
added TNF-a. Results were presented as means o f mg ofprotein in each 10.0 ml
petri dish fo r each sample (± SEM) (n=3 fo r each group). There was no
significant difference in the protein concentration between D CT cells exposed
fo r 24 hours with TNF-a and unstimulated D CT cells with no added TNF-a.
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Figure 11.7: Positive controls showing specificity of Ang-1 monoclonal
antibody

Positive controls consisted o f full-length cDNAs fo r Ang-1 and Ang-2 expressed
in 293 cells and were used to test the specificity o f the Ang-1 monoclonal
antibody (n=2). The Ang-1 monoclonal antibody detected the protein
generated after transcription o f the Ang-1 cDNA expressed in 293 cells. A specific
band was detected at 55 kDa. The Ang-1 antibody detected a band o f similar
size in the samples o f empty vector and those with Ang-2 expressed in 293 cells.
The bands in these samples were o f lower intensity than those obtained fo r the
samples containing Ang-1 expressed in 293 cells. These bands may be due to low
levels o f Ang-1 protein being expressed in the 293 cells.
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Figure 11.8. Ang-1 protein levels in unstimulated and TN F-a stimulated DCT
cells

Samples were taken 8 and 24 hours from D CT cells exposed to 0.1, 1.0 and 10.0
ng/ml o f TNF-a and compared to time-matched D C T cells with no added TNF-a
A. A representative western blot fo r Ang-1 mouse monoclonal antibody from three
data sets showed a specific band at 55kDa representing the monomer form o f
Ang-1. Positive controls fo r Ang-1 produced a band at approximately 55 kDa.
Below shows a blot probed with Ang-1 prereacted with blocking peptide. Note the
reduced signal in this blot. Blot fo r fi-actin showed a specific band at 42 kDa.
Note the similar signal intensities indicating equal loading. B. A scatter plot
presented consisting o f densitometric analysis o f three data sets from D CT cells
exposed to 0.1, 1.0 and 10.0 ng/ml o f TNF-a and D C T cells with no added TNF-a.
The intensity o f all bands in all groups fo r each blot was compared to levels at
time-point 0 which was given an arbitrary value o f 1 and factorised fo r p-actin.
The scatter p lot was analysed using a regression model allowing a comparison
between different groups over the time-course o f the whole experiment.
Regression analysis o f the Ang-1 densitometric western blotting results showed
that Ang-1 levels were similar in D CT cells with addition o f 0.1, 1.0 and 10.0
ng/ml fo TNF-a and D CT cells without any added TNF-a.
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Figure 11.9: Positive controls showing specificity of Santa Cruz Ang-2 rabbit
polyclonal antibody (sc-7017)

Positive controls consisted o f full-length cDNAs fo r Ang-1 and Ang-2 expressed
in 293 cells and were used to test the specificity o f the Santa Cruz goat polyclonal
Ang-2 antibody (n=2). The Ang-2 antibody from Santa Cruz detected the
protein generated after transcription o f the Ang-2 cDNA expressed in 293 cells. A
specific band was detected at 55 kDa. The Ang-2 antibody detected a band o f
similar size in the samples o f empty vector and those with Ang-1 expressed in 293
cells. The bands in these samples were o f lower intensity than those obtained fo r
the samples containing Ang-2 expressed in 293 cells. These bands may be due to
low levels o f Ang-2 protein being expressed in the 293 cells.
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Figure 11.10: Ang-2 protein levels in unstimulated and TN F-a stimulated
DCT cells.

Samples were taken 8 and 24 hours from D C T cells exposed to 0.1, 1.0 and 10.0
ng/ml o f TNF-a and compared to time-matched D C T cells with no added TNF-a
A. A representative western blot fo r Ang-2 Santa Cruz goat polyclonal antibody
from three data sets showed a specific band at 55kDa and 70 kDa, most likely
representing the monomer and a glycosylatedform o f Ang-2. Positive controls fo r
Ang-2 produced a band at approximately 55 kDa. Below shows a blot probed with
Ang-2 prereacted with blocking peptide. Note the reduced signal in this blot. Blot
fo r p-actin showed a specific band at 42 kDa. Note the similar signal intensities
indicating equal loading. B. A scatter p lo t presented consisting o f densitometric
analysis o f three data sets from D CT cells exposed to 0.1, 1.0 and 10.0 ng/ml o f
TNF-a and D CT cells with no added TNF-a. The intensity o f all bands in all
groups fo r each blot was compared to levels at time-point 0 which was given an
arbitrary value o f 1 and factorised fo r f-actin. The scatter plot was analysed
using a regression model allowing a comparison between different groups over
the time-course o f the whole experiment. The blots fo r Ang-2 indicated reduced
levels o f Ang-2 in TNF-a stimulated D CT cells. However, regression analysis
indicated that Ang-2 levels were similar in DCT with addition o f either 0.1, 1.0
and 10.0 ng/ml o f TNF-a and time-matched D C T cells with no added TNF-a The
p values o f this analysis were very close to significance in this experiment and
further numbers may have been able to produce a positive result.

258

ê

§o

TNF-a

No added TNF-a

0.1 ng 1.0 ng 10.0 ng

0

8

24

8

24

8

24

8

24

<u
:
(N
bû
C
70 kDa

A ng-2
55 kDa

70 kDa

A ng-2 with
blocking peptide

55 kDa

P-actin

42 kDa

B

TNF 10.0 ng/ml
TNF 1.0 ng/ml
TNF 0.1 ng/ni
no added TNF

Time (hrs)

259

24 hours

z I I
H

O JD

WD

60 kDa
A ng-2

50 kDa

Figure 11.11: Ang-2 protein expression in cell supernatants in unstimulated
and TNF-a stimulated DCT cells.

Samples were taken from DCT cell supernatants 24 hours after exposure to
0.1, 1.0 and 10.0 ng/ml o f TNF-a and Ang-2 protein levels compared to timematched D CT cells with no added TNF-a by western blotting using an Ang-2 goat
polyclonal antibody (sc-7017) from Santa Cruz (n=3 fo r each group). A
representative western blot fo r Ang-2 showed two specific bands detected at 60
kDa and 50 kDa. The Ang-2 signal was more subjectively prominent in
supernatants follow ing TNF-a stimulation with 0.1 ng/ml fo r 24 hours.
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Figure 11.12: VEGF-A immunoreactivity in DCT supernatants following
TNF-a stimulation.
The immunoreactivity o f VEGF-A in the D C T supernatant was determined
following TNF-a stimulation by ELISA techniques. A scatter plot was used to
present the VEGF immunoreactivity in all samples o f D CT cells with or without
addition o f 0.1-10.0 ng/ml o f TNF-a fo r 8 and 24 hours (n^ three fo r each group
at each time-point) and a regression model was used to assess VEGF
immunoreactivity over the time-course o f the whole experiment fo r each group.
Regression analysis fo r VEGF immunoreactivity indicated that levels increased
throughout the experiment in all groups (p < 0.0005). VEGF levels in D C T cells
stimulated with 0.1 ng/ml o f TNF-a were on average 13.60 pg/m l lower than D CT
cells without any added TNF-a (p = 0.03). VEGF levels following stimulation o f
D CT cells with 1.0 ng/ml o f TNF-a were on average 16.57 pg/m l lower than D CT
cells without any added TNF-a (p =0.01). D C T cells stimulated with 10.0 ng/ml
o f TNF-a were on average 13.74 pg/m l lower than D C T cells without any added
TNF-a (p = 0.03) in terms o f their VEGF immunoreactivity.
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Figure 11.13: Morphology of murine heart endothelial cells in culture.

The heart endothelial cells (SMHEC4) had a morphology in culture which
gave growing cultures the appearance o f spindle-shaped endothelial cells.
Bar is 40 pm.
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Figure 11.14: Time course of Tie-2 phosphorylation in heart endothelial cells
following stimulation with Ang-1 Fc.

To assess the time-course o f Tie-2 phosphorylation (Tie2P) in heart endothelia,
cells were exposed to Ang-1 Fc fo r different lengths o f time (n=2 fo r each group).
Samples were taken from unstimulated heart endothelial cells (time-point 0) and
from endothelia exposed to Ang-1 Fc fo r 1, 5 and ten minutes respectively. A
specific band fo r Tie2P was observed at 140 kDa. Tie2P levels increased to reach
a maximum level when exposed to Ang-1 Fc fo r 5 minutes. Levels ofT ic2P then
tended to decrease after this point as seen in endothelia exposed to Ang-1 Fc fo r
10 minutes.
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Figure 11.15: Tie-2 phosphorylation in heart endothelial cells following
stimulation with conditioned DCT supernatant

Tie-2 phosphorylation (Tie2P) in embryonic mouse heart endothelial cells was
assessed as a biomarker o f Tie-2 activation following exposure to DCTconditioned media with and without TNF-a stimulation. A. A representative
immunoprecipation blot fo r Tie2P from three data sets showed a specific band
detected at 140 kDa. B. Densitometric analysis presented as means ± SEM (n=
three fo r each group, p< 0.05 = significant difference between each groups). Tie2P was measured in unstimulated endothelial cells at time-point - 0. Endothelial
exposed to unconditioned D CT media fo r 5 minutes showed no significant change
in Tie-2P levels. Following exposure to DCT-conditioned media without any
added TNF-a, Tie2P significantly (p<0.05) increased, indicating that Ang-1 was
being released into the supernatant from the D C T cells. This effect was abolished
when endothelial were exposed to conditioned media from TNF-a (0.1 ng/ml fo r
24 hours)-primed DCT, consistent with the observation that such cells upregulate
Ang-2.
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Chapter 12: Discussion
Angiopoietin (Ang) growth factors modulate endothelial survival and
morphogenesis, actions depending on an interplay o f agonistic (Ang-1) and
antagonistic (Ang-2) angiopoietins with their Tie-2 receptor tyrosine kinase and
VEGF signaling through VEGFR-2 (Maisionpierre et al, 1997). Emerging data
has suggested that Ang-1 stabilises capillaries, whereas Ang-2 disrupts vessels,
facilitating sprouting when ambient VEGF is high, but causing regression when
ambient VEGF is low (Maisionpierre et al, 1997).

Acute renal failure (ARF) is characterised by a deterioration of renal function over
a period of hours and days (Brady et al, 1996). A sustained reduction in renal
blood flow is observed in experimental models of renal failure (Andrade et al,
1998; Dubourg et al, 2000), but there is little information available regarding the
structural changes to the renal vasculature.

At the beginning of the thesis I introduced several hypotheses that would be
examined to determine the potential role of endothelial cells and the Ang and
VEGF families in a model of ARF, induced by folic acid. These hypotheses are
described below; -

1) In a model of folic acid induced nephrotoxicity there is endothelial cell
turnover.

2) Changes in the expression o f the angiopoietin and VEGF family occur in the
pathogenesis of folic acid induced nephrotoxicity.

3) In folic acid induced nephrotoxicity, there is an inflammatory response
mediated by macrophages, neutrophils and lymphocytes, associated with
expression of pro-inflammatory cytokines.
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4) The pro-inflammatory cytokine, tumour necrosis factor-a, contributes to the
regulation of the angiopoietin and VEGF families expression by renal tubule
epithelia.

This chapter will discuss the findings of experiments performed in my thesis and
in relation to the questions posed above.

Endothelial Proliferation in FA Induced Nephrotoxicity
One of the main aims of my study was to determine endothelial proliferation
following FA-nephrotoxicity. To achieve this aim double immunostaining for the
endothelial marker, PECAM and a marker of proliferation, PCNA was performed
on control, vehicle-treated and FA administered animals. Examination of 20 high
power fields from kidneys of vehicle-treated mice revealed no cells expressing
both PECAM and PCNA. In contrast, all high power fields from the cortex of
kidneys at two and three days after FA administration revealed between one and
10 peritubular cells which co-expressed PCNA and PECAM, consistent with
capillary proliferation in the FA-model. Endothelial cell proliferation was not
detected at seven and 14 days after FA administration.

This phenomenon has been described in other models of renal disease but this is
the first demonstration that endothelial cell proliferation occurs in FA induced
nephrotoxicity. Most of the previous studies have concentrated on animal models
where the kidney fails to recover fi'om the initial insult, unlike the case of FAinduced nephrotoxicity. In models of tubular damage, such as chronic unilateral
urethral obstruction model in rats, there was an unsustained angiogenic response
in the peritubular capillaries in the first week of the disease model (Ohashi et al,
(2002). A similar initial proliferative response in the peritubular capillaries was
observed in studies of the renal microcirculation in rats and mice with remnant
kidneys (Kitamura et al, 1998; Pillebout et al, 2001). Finally, in the anti-GBM
model there was an initial early proliferative response of the glomerular
endothelium following induction of this disease model (Shumizu et al, 1997).
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In the majority of models of renal disease the initial proliferative phase was
followed by a sustained period of cell death, mediated by apoptosis. This has been
observed in the anti-GBM model in the glomerulus and peritubular capillaries
(Yuan et al, 2002; Ohashi et al, 2000), chronic unilateral urethral obstruction
(Ohashi et al, 2002) and the remnant kidney model in rats (Kang et al, 2002). The
most relevant study to my work was some recently published data on the potential
role of endothelial cells in ischemia-induced ARF in male rats. Four, eight and
forty weeks following ARF revealed that there was a 30-50% reduction in
peritubular capillary density in the inner stripe of the outer medulla in post-ARF
groups versus sham animals (Basiel et al, 2001). In a separate study, Brodsky et al
attempted to recover ARF function by implantation of endothelial cells or their
surrogates in the renal microcirculation. This resulted in a dramatic functional
protection of ischemic kidneys (Brodsky et al, 2002).

In the FA-model, I attempted to visualise endothelial apoptotic cells by in-situ
labelling. However, preliminary experiments using this technique failed to
generate any positive apoptotic endothelial cells. There are many possible
explanations for this difference in endothelial turnover seen in the different
models of renal disease: 1) the stimulus for the renal disease model; 2) the species
under study; 3) the time course of the renal disease process.

With regard to my study, this was the first demonstration of endothelial
proliferation following FA-nephrotoxicity. The model of FA-nephrotoxicity used
was a model of ARF and following induction of nephrotoxicity the majority of the
kidney regenerated. In most of the above models the kidney failed to regenerate
and became fibrotic and this may explain why apoptotic cells are observed later in
these disease models. The stimuli for the renal disease may also be important.
Ischemia-induced ARF may have a more long-term effect than FA-induced
nephrotoxicity, especially in the medulla o f the kidney, which tends to be
susceptible to hypoxia. This would lead to more long-term effects on cell
turnover. On the other hand, FA may have more of a short-term effect as it could
be removed from the kidney more quickly allowing the kidney to recover and
regenerate. Also, I have concentrated on endothelial proliferation in the kidney
cortex in my model. The study investigating ischemic ARF only showed reduced
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peritubular capillary density in the inner stripe of the outer medulla in post-ARF
versus sham animals (Basile et al, 2001).

Secondly, the species of animal under study may be important. The study by
Basile et al on endothelial cells in ARF was performed in rats (Basile et al, 2001),
while my study was in mice. This may explain the difference between these two
studies in respect to endothelial turnover. This phenomenon of species-specific
responses was observed in the remnant kidney model. In studies of the renal
microcirculation in rats with remnant kidneys there was a progressive loss of
peritubular capillaries (Kang et al, 2002). However, interestingly, in mice there
was a significant remodelling and sustained proliferation in renal cortical
peritubular capillaries following experimental nephron reduction. This occurred
throughout the progression of renal disease (Pillebout et al, 2001). This study also
showed that there are even differences in the renal microcirculation responses
between different phenotypically normal strains of mice.

The time-course of the renal disease model under study may be important. My
study has concentrated on the early time-points of ARF and kidney samples were
taken 1, 2, 3, 7 and 14 days following FA-induction. The ischemic study of ARF
described above was a more long-term study over 40 weeks following induction
of ARF (Basiel et al, 2001). It is possible that more cell death may be observed if
the FA-nephrotoxicity model was performed over a longer time-period and this
may be a potential future experiment for the FA-model.

It is notable that Zimmermann et al (Zimmermann et al, 1977) reported that a
higher dose of FA (500 mg/kg) than used in my experiments induced renal
vascular changes in rats, including fibrinoid medial lesions of the arcuate and
interlobular arteries; it is possible that more detailed examination of renal arteries
in my study might have revealed subtle changes that were not evident in routine
histological examinations.
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Expression of the Ang and VEGF Families in FA Induced Nephrotoxicity
To put these results in perspective, it is useful to briefly review what else is known
regarding Ang and Tie genes in the kidney.

Tie-1, an “orphan receptor” homologue o f Tie-2 is expressed by renal
mesenchymal cells at the start of metanephrogenesis; these precursors
differentiate into glomerular and interstitial capillaries after transplantation of
metanephroi into the renal cortex of neonatal mice (Loughna et al, 1997).
Metanephroi also express Ang-1, Ang-2 and Tie-2, with mRNA levels being
downregulated in adult organs (Yuan et al, 1999). Ang-1 transcripts are localised
to mesenchyme, maturing glomeruli, and cortical and medullary tubules, whereas
arterial endothelia and capillaries express Tie-2 (Yuan et al, (1999). Ang-2 is
expressed by walls of differentiating renal arteries, mesangial cells and thin
descending limbs of loops of Henle (Yuan et al, 1999; Yuan et al, 2000a; Yuan et
al, 2000b). These expression patterns for Ang and Tie genes suggest involvement
in renal vascular maturation. Intriguingly, the observation that tyrosinephosphorylated Tie-2 is detectable in adult kidneys (Yuan et al, 1999) is
consistent with a yet-to-be defined role for this signalling system in mature
organs. Indeed, in my thesis, Ang-1, Ang-2 and Tie-2 immunoreactive proteins
are detected by Western blotting in control kidneys, with Ang-1 and Tie-2
immunoreactivity being noted between cortical tubules and in vasa rectae.

Angiopoietin-1 Expression in the FA model

In the first few days after FA-induced nephropathy, the most prominent sites of
Ang-1 expression were a subset of damaged cortical tubules (which were judged
to be distal tubules on the basis of their size, distribution, and lack of PAS-stained
brush borders) and renal arterial walls. These results accord with a study on
angiopoietin expression in anti-GBM renal disease model (Yuan et al, 2002).
After induction of anti-GBM glomerulonephritis, Ang-1 was upregulated in
cortical distal tubules, which were negative in animals that were not induced with
glomerulonephritis. My in-vitro studies in this thesis also show that Ang-1 protein
was expressed in a mouse distal tubule cell line.
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The suggestion, based on immunohistochemical findings, that Ang-1 protein was
more prominent in FA-induced nephrotoxicity was supported by my densitometric
Western blot analysis, which demonstrated a statistically significant increase in
Ang-1 levels after FA administration, compared with time-matched controls. In
these blots I detected three bands at 100 kDa, 70 kDa and 50 kDa. These bands
most likely represented the monomer and glycosylated forms o f the Ang-1
protein. A potential further experiment would be to determine whether this was
the case by performing a deglycosylation experiment on these samples. The 100
kDa was likely to represent the Ang-1 dimer and was the main band, which is
significantly upregulated, following FA injection.

The increase in Ang-1 expression correlated with the increase observed in
endothelial cell proliferation observed in the FA model. Addition of Ang-1
increased endothelial cell survival in-vitro by the lipid phosphatidylinositol (PI)-3-kinase pathway. This function was mediated by Ang-1, acting through the Tie-2
receptor causing phosphorylation of the p85 subunit of PI-3-kinase that
subsequently leads to the phosphorylation o f the serine/threonine kinase, Akt, a
pathway central to anti-apoptosis (Jones et al, 1999; Kim et al, 2000c). Activation
of this pathway caused increased cell survival and can be abolished by either
addition of Ang-2 or Akt inactivation. (Fujikawa de et al, 2000d; Papapetropoulos
et al, 2000). Ang-1 mediated cell survival was shown to be associated with an upregulation of the inhibitor of apoptosis protein (lAP), survivin. (Papapetropoulos
et al, 2000) The activation of both PI-3-kinase and Akt required a multisubstrate
docking site that is conserved in the Tie-1 receptor (Huang, et al, 1998).

Various studies have indicated that an increase in Ang-1 expression correlated
with neovascularisation. A single local injection of plasmids encoding for Ang-1
significantly increased the neovascularisation and healing of gastric ulcers
induced by mice by acetic acid (Jones et al, 2001). Ang-1 also modulated
neovasularisation in a rabbit model of hindlimb ischemia (Shyu et al, 1998). Gene
transfer of plasmid DNA for Ang-1 in this model increased blood pressure,
angiographic score, blood flow in the ischemic limb, capillary density and
capillary/muscle fibre ratio. Finally, the progression o f psoriasis, a chronic
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inflammatory disease in which epidermal proliferation was closely associated with
a microvascular expansion in the skin (Kuroda et al, 2001. Ang-1 was also
upregulated in psoriasis skin (Kuroda et al, 2001).

It we accept that Ang-1 protein was synthesised by epithelial and vascular smooth
muscle cells, then it was possible to envisage paracrine signalling to nearby Tie-2
expressing endothelia in FA-induced nephrotoxicity.

Angiopoietin-2 in FA Induced Nephrotoxicity

Western blotting analysis indicated that there was no change in Ang-2 protein
levels following FA induced nephrotoxicity. However, some blots indicated that
Ang-2 did rise in the acute phase of nephrotoxicity, which would be consistent
with the changes in Ang-2 expression seen in the large arterial vessels. Western
blotting data consisted of samples taken from whole kidney extracts and therefore
takes no account of changes in expression.

Therefore, two alternative strategies were used to provide an insight into Ang-2
localisation in the FA model. Firstly, heterozygous mice that express the LacZ
reporter gene driven by the Ang-2 promoter were used. LacZ codes for bacterial Pgalactosidase, which was easily localised in tissues by the X-gal reaction and were
used to detect Ang-2/LacZ in control- and folic acid- treated kidneys. Secondly,
kidneys from CDl mice induced by FA model were fixed in zinc, which helped to
preserve antigens in tissue sections. This allowed me to use commercially
available antibodies to detect Ang-2 protein expression by conventional
immunohistochemistry.

There was some variation between the findings for expression in experiments
using Ang-2/LacZ heterozygous mice and the results found using conventional
immunohistochemistry for Ang-2 in CDl mice. Ang-2/LacZ was expressed in the
cells of the glomerulus, arteries, vasa rectae and descending limbs of the medulla
in vehicle-treated Ang-2/LacZ heterozygous animals. After FA-injection, Ang2/LacZ was more prominent in both the glomeruli and arteries in Ang-2/LacZ

heterozygous mice. Immunohistochemistry indicated that Ang-2 was expressed in
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epithelial cells surrounding the glomerulus, tubules and arteries in vehicle treated
animals. After FA injection in the acute phase of nephrotoxicity, Ang-2 was more
prominent in arteries and tubules. When the kidney regenerated Ang-2 protein
levels were reduced in arteries, but there was some increase in Ang-2 protein
levels in the vasa rectae.

The one consistency in both studies was the more prominent expression of Ang-2
in the smooth muscle cells of the kidney cortex following FA-injection. Ang-1
expression was also more prominent in these smooth muscle cells after FAtreatment. The overlapping expression pattern suggested that Ang-2 may be
regulating Ang-1 function and contributing to the activation of Tie-2 in
endothelial and smooth muscle cell paracrine signalling. The overlapping
expression of Ang-1 and Ang-2 has been previously described in the smooth
muscle layers of blood vessels during development (Maisionpierre et al, 1997).

Ang-2/LacZ heterozygous mice were shown to express Ang-2 in the vasa rectae.

Yuan et al have showed this in previous studies in 1999 in the development and
maturation of the mouse kidney. At E l 9.0, weak Ang-2/LacZ expression was seen
in the descending thin limbs of the loop of Henle, which are aquaporin-1 negative,
and thinner, parallel medullary structures thought to be small vessels. One week
after birth, staining remained in all of these areas, but medullary staining was
more prominent. 3 weeks after birth, the kidney maturated and the vasa rectae
bundles reach adult conformation. At this time-point, intense Ang-2/LacZ
expression was seen in the inner part of the outer medulla, the large branches of
the renal artery and in arcuate, smaller cortical and afferent vessels supplying deep
glomeruli. The most prominent staining occurred next to the vasa rectae. By 8
weeks postnatally, there was downregulated transgene expression in the cortex
and inner medulla, where as Ang-2/LacZ expression near vasa rectae remained
prominent.

Finally, immunostaining for CDl mice injected with FA showed that Ang-2 was
expressed in cortical tubules. It was possible that as Ang-2 has low molecular
weight and is filtered in the tubules, that this is the signal observed by
immunohistochemistry. However, I have shown that isolated murine distal
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convoluted tubule cells expressed Ang-2 in-vitro, which indicated that this was
not the probable explanation for Ang-2 increased staining in the cortical tubules.

The variation between these experiments makes it difficult to make any firm
conclusions from this data. However, it was important to consider why these
differences may occur. The most striking difference between these two methods
described is that the X-gal staining for Ang-2/LacZ heterozygous mice detected
the LacZ reporter gene driven by the Ang-2 promoter. Therefore, the staining
produced was an indication of where Ang-2 mRNA transcripts were being made.
However, immunohistochemistry detected the translated Ang-2 protein. This may
account for some of the differences in the localisation of Ang-2 in these two
experiments. It is possible that the two techniques used may differ in their
sensitivity of detection. This could account for the different intensities of Ang2/LacZ expression and Ang-2 immunohistochemistry in the vasa rectae of the

kidney. The Ang-2/LacZ technique may be more sensitive so it can detect vasa
rectae expression in vehicle- and FA-treated Ang-2/LacZ heterozygous mice,
while Ang-2 immunohistochemistry failed to detect any vasa rectae staining in the
majority of samples.

Other potential reasons for differential experession of Ang-2/LacZ and localisation
of Ang-2 protein detected by immunohistochemistry in CDl mice injected with
FA could be the background strain of the mice. The Ang-2/LacZ heterozygous
background strain was 129SV, while Ang-2 immunohistochemistry was detected
in CDl mice. Therefore this may account for the differential expression in the two
methods. In some areas of the kidney, such as the tubules of the cortex there was
protein expression, but no Ang-2/LacZ expression. This could be explained by the
protein being made elsewhere in the kidney, such as the arterial vessels and then
filtered by glomeruli and then absorbed by the tubules. This would then be
detected by immunostaining. In the vasa rectae, Ang-2/LacZ was prominent in all
animals, but no protein was detected by immunohistochemistry. The mRNA
expressed by Ang-2/LacZ may not being made into protein, or was rapidly
secreted and not fixed into tissues. This could explain the variation in
immunostaining and Ang-2/LacZ expression.
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Before, I consider the potential role of Ang-2 in the FA-model, it is important to
consider the role of VEGF-A first. Recent evidence has suggested that the role of
Ang-2 is context-dependent. It has been shown that whether Ang-2 has a pro- or
anti- angiogenic effect is dependent on VEGF-A expression. When VEGF-A is
low, then the expression of Ang-2 can cause vessels to regress, while if VEGF-A
and Ang-2 is high then vessel sprouting can occur.

VEGF Expression in the FA M odel

VEGF-A was constitutively expressed in vehicle-treated animals. The protein was
primarily localised to the glomerular podocytes and to tubular cells. This was
consistent with many previous studies (for example; Yuan et al, 2002; Simon et al,
1995). Following, FA-nephrotoxicity, there was a loss in VEGF-A expression in
the glomerulus and tubule cells. A decrease in VEGF-A mRNA was also observed
in total kidney samples by Northern blotting. A similar loss of glomerular VEGFA expression has been observed in focal segmental glomeruloscelerosis (FSGS)
(Shulman et al, 1996), and tubular VEGF-A expression was reduced with chronic
interstitial scarring such as occurs in chronic rejection (Grone et al, 1995). In
models of aging associated renal disease (Kang et al, 2001c), there was a loss of
VEGF-A protein in both the podocytes and in the tubules in the outer medulla as
assessed by immunohistochemical data. The loss of tubular VEGF-A expression
was correlated with the severity of the peritubular capillary loss. Finally, in the
remnant kidney model in rats there was a progressive loss in glomerular and
tubular VEGF-A protein expression (Kang et al, 2001a). In contrast, Pillebout and
colleagues showed that there was an increased amount of VEGF-A protein
detected in a subset of remnant tubules by immunohistochemistry in a model of
subtotal nephrectomy in mice (Pillebout et al, 2001).

Therefore, a loss of VEGF-A has been correlated with endothelial cell death. This
posed a problem in my model where there was no detectable endothelial apoptosis
following FA injection. As already discussed, experiments need to be performed
to determine whether this is the actual case. However, the balance of the
angiopoietin and VEGF-A factors in particular locations of the kidney following
FA-injection were important in determining whether there was a pro- or anti-
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angiogenic response. In the cortical tubules, there was a substantial increase in
Ang-1 and Ang-2 detected by immunohistochemistry and in the case of Ang-1,
western blotting. In this area, there was also localised expression of VEGF-A
surrounding the dilated cortical tubules. This pattern of expression of high Ang-1,
Ang-2 and VEGF-A suggested a pro-angiogenic response, which was observed in
the cortex of the kidney in the endothelial cells surrounding the tubules.

Similarly, the expression of VEGF-A may be important in the later stages of
regeneration and fibrosis following FA induced nephrotoxicity and this correlated
with Ang-2 expression. In the regenerating areas of the kidney cortex, the levels
of VEGF-A and Ang-2 protein as assessed by immunohistochemistry were low.
This indicated that in this area the blood vessels were stable and had finished
undergoing any remodelling. However, in the fibrotic areas of the kidney cortex,
the protein expression o f both VEGF-A and Ang-2 detected by
immunohistochemistry tended to be subjectively high indicating that in this area
the blood vessels are becoming destabilised. The fate of these blood vessels was
not determined by experiments in this thesis. The blood vessels might regress later
in the FA model at a later time-point in the model than has been investigated in
my thesis. Therefore, further experiments with additional time-points later than 14
days need to be performed in the FA model to determine endothelial cell fate in
the later stages o f the model.

Inflammatory Responses in the FA Model

The next aim of my study was to determine what factors may be involved in the
regulation of expression of the Ang family in this setting. Several studies have
shown that pro-inflammatory cytokines regulate expression of the Ang family as
seen in Figure 2.5 of my Introduction (Kim et al, 2000; Wiliam et al, 2000). In
addition, inflammatory cells and pro-inflammatory cytokines have been shown to
be upregulated in several models of renal disease (Ortiz et al, 2000; Sakin et al,
1998; Ramesh and Reeves, 2002). Therefore, I proposed that pro-inflammatory
cytokines released from inflammatory cells contributed to the regulation of the
Ang expression in FA-induced nephrotoxicity.
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One of the main sources of pro-inflammatory cytokines is activated infiltrating
macrophages, neutrophils and T-lymphocytes. These cells have been
immunolocalised in many models of ARF (Rabb et al, 1997; Takada et al, 1997).
In my study, macrophages, neutrophils and T-lymphocytes were immunolocalised
in the FA model and the time-course of the expression of these cells determined.

In the kidney cortex following FA injection there appeared to be two phases of
inflammation. The first phase occurred in the acute phase of nephrotoxicity
around the cortical tubules. This phase was predominantly T-lymphocyte
mediated, although there was a contribution from both macrophages and
neutrophils. Later in the FA model, there was an extensive infiltration in the
fibrotic areas o f the kidney. There was more prominent localisation of neutrophils,
macrophages and T-lymphocytes in the fibrotic areas of the kidney at this timepoint.

The macrophages, neutrophils and T-lymphocytes release reactive oxygen species,
proteases and other enzymes that damage renal tissues. These substances together
with leukotriene B4 and platelet-activating factor (PAF) can increase vascular
permeability and up-regulate the expression of adhesion molecules that promote
further inflammation (Okusa, 2002). In some cases inflammation can be
beneficial. The accumulation of specific leukocytes at the site of injury can result
in the removal of the initial insult, for example apoptotic cells or cell debris and
cause tissue repair in the damaged areas. It is the production of cytokines,
chemokines and vasoactive substances that determine whether the inflammatory
response heals or progresses renal disease (Segerer et al, 2000).

Activated infiltrating macrophages, neutrophils and T-lymphocytes are a major
source of pro-inflammatory cytokines, which have been shovm in previous studies
to regulate Ang-2 expression (Kim et al, 2000; Wiliam et al, 2000). These
cytokines contribute to inflammatory injury in many pathological situations. Two
of the most important pro-inflammatory cytokines are TNF-a and IL-lp.
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One day after FA injection, positive staining for TNF-a was observed in distal
cortical tubules and some infiltrating cells in the glomeruli. Positive staining in
cortical tubules for TNF-a remained throughout the whole of the experimental
time period following FA injection especially in the regenerating areas of the
kidney cortex. There was positive staining for IL -ip surrounding a subset of
cortical dilated tubules after FA injection. Seven days after FA administration,
there was no specific staining for IL-lp in regenerating areas, but a diftuse pattern
of staining occurred around some cortical tubules. Some IL -ip staining remained
in dilated tubules in the fibrotic areas, seven days after FA administration.

TNF-a and IL-ip are pro-inflammatory cytokines. All pro-inflammatory
cytokines such as TNF-a initiate an inflammatory cascade. Firstly, TNF-a leads
to increased production o f prostaglandin A%, cycloxygenase-2, inducible nitric
oxide synthase, endothelial adhesion molecules and activation of neutrophils.
Upregulation of these molecules in turn cause inflammation, tissue destruction
and a loss of function. Therefore, these molecules may play a role in FA-induced
nephrotoxicity. However, further experiments need to be performed to establish a
role for the members of the inflammatory cascade in the FA model.
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In-Vitro Studies to Determine the Relationship Between TNF-a and the Ang
Family in Distal Tubule Cells

As TNF-a and IL-lp were immunolocalised to distal tubules following FAadministration and Ang-1 and Ang-2 were also immunolocalised to these tubules
in the FA model, I decided to investigate isolated murine distal convoluted tubule
cells (DCT) (Pizzonia et al, 1991) to determine whether the pro-inflammatory
cytokines IL-lp and TNF-a were able to have a direct effect on Ang-1 and Ang-2
in these cells. The experiments in this thesis concentrated on the effect of TNF-a
on murine distal tubule cells.

TNF-a Stimulation and Cell Numbers and Viability

The first experiments in this part of my study focused on the effects of TNF-a on
cell number and viability. Many studies have shown that TNF-a affects cell
proliferation and apoptosis through a number of biochemical pathways. TNF-a
causes gene activation by inducing the production of nuclear factor kB (NF- kB )
(Barnes and Karin, 1997) and activating protein-1 (AP-1) (Karin et al, 1997).
TNF-a can induce cell death through a family of molecules known as the caspases
that initiate downstream pathways leading to apoptosis (Ledgerwood and Pober,
1999). TNF-a activates caspase-8, which subsequently activates caspase-3, that in
turn cleaves multiple cellular proteins resulting in cell death (Rath and Aggawal,
1999).

There was a significant reduction in cell number between DCT cells stimulated for
24 hours with 0.1, 1.0 or 10.0 ng/ml o f TNF-a and unstimulated time-matched
DCT cells without any added TNF-a. There was no significant difference in the
cell viability between DCT cells stimulated for 24 hours with TNF-a and timematched unstimulated DCT cells without TNF-a.

The specific mechanism of the reduced cell number following TNF-a stimulation
was investigated. Cell number reflects the balance of new cell generation by
proliferation and cell death (Shankland and Wolf, 2000). Western blotting for
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PCNA, a DNA polymerase-Ô-associated protein expressed in S phase (Bravo et al,
1987) was used to assess cell proliferation in DCT cells with and without TNF-a.
There was some evidence of PCNA levels falling as the dose of TNF-a increased
when compared to DCT cells with no added TNF-a. A measurement of lactate
dehydrogenase was used to assess necrosis following TNF-a stimulation. There
was an increase in necrosis throughout the experiment, but no significant
difference occurred between TNF-a stimulated and unstimulated time-matched
DCT cells with no added TNF-a.

These results indicated that the reduced cell number following TNF-a stimulation
might be due to reduced proliferation. However, the effect on necrosis and
apoptosis needs to be considered in more detail. Firstly, the amount of LDH
released and detected in these experiments needs to be assessed against the
maximum possible cell death that could occur in these cells. This experiment
could be performed by analysing the LDH release in DCT cells stimulated by
Triton. This would allow the relative LDH release to be calculated in my
experiments and give a better indication of the biological significance of the level
of cell death seen in my experiments. Secondly, in this study I have not measured
apoptosis. TNF-a can affect the expression of caspases, which mediate apoptotic
downstream pathways (Legderwood and Pober 1999). Therefore, the reduced cell
number following TNF-a stimulation may be partly due to an increased level of
apoptosis as well as decreased proliferation. A further experiment would be to
investigate the expression of apoptosis markers, such as the caspases, following
TNF-a stimulation. Finally, the biochemical mechanism of the reduction on cell
proliferation could be investigated. TNF-a causes gene activation by inducing the
production of nuclear factor kB (NF- kB ) (Barnes and Karin, 1997) and activating
protein-1 (AP-1) (Karin et al, 1997). Therefore, the expression of these two
molecules could be investigated in DCT cells following TNF-a stimulation.

It was also important to consider whether the morphology o f the cells was affected
following TNF-a stimulation. As assessed by light microscopy DCT cells had an
epithelial morphology that gave cultures the appearance of pavement-like sheets
with some cubiodal areas and some elongated areas. The overall morphology of
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the DCT cells stimulated with 1.0 ng/ml of TNF-a for 24 hours were elongated
compared to the time-matched DCT cells with no added TNF-a. This led to a
hypothesis that TNF-a caused a change in DCT cell size by hypertrophy. The
term hypertrophy is used to describe when a cell becomes enlarged due to an
increase in protein and RNA content without DNA replication (Fine, 1986).
Experiments performed in this thesis showed that there was no significant
difference in the protein concentration between DCT cells stimulated for 24 hours
with TNF-a and time-matched unstimulated DCT cells with no added TNF-a,
despite there being a reduction in cell number following TNF-a stimulation.
Many studies have showed that in renal disease when there was a reduction in
nephron number there was tubular epithelial cell hypertrophy (Hostetter, 1995).

Ang and VEGF Expression in DCT Cell Lysates and Supernatants Following
TNF-a Stimulation

The protein expression of three vascular growth factors, Ang-1, Ang-2 and
VEGF-A were determined following TNF-a stimulation. It was important to
consider all of these molecules before any conclusions could be made on whether
TNF-a was producing a pro-or anti-angiogenic distal tubular milieu. Ang growth
factors modulate endothelial cell survival and morphogenesis, actions depending
on an interplay of agonistic (Ang-1) and antagonisitic (Ang-2) angiopoietins with
their Tie-2 receptor tyrosine kinase and VEGF-A signalling through VEGFR-2
(Maisionpierre et al, 1997). Emerging data has suggested that Ang-1 stabilises
capillaries, whereas Ang-2 disrupts vessels, facilitating sprouting when ambient
VEGF-A is high, but causing regression when ambient VEGF-A is low
(Maisionpierre et al, 1997).

In DCT cell lysates following TNF-a stimulation, there was no significant change
in Ang-1 protein levels. Ang-2 protein levels tended to increase in all samples
following TNF-a stimulation compared with time-matched DCT cells with no
added TNF-a but this was not statistically significant, probably due to the low
numbers in this experiment.
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These experiments were developed further by looking at the levels released of the
angiopoietins and VEGF-A in the supernatants of the DCT cells. This is likely to
be more important than the cell lysate experiment as the release in the surrounding
media would be able to act on surrounding cells and cause a paracrine effect on
nearby endothelial cells. This may be more relevant to the in-vivo situation in the
FA model. The levels of molecules released in the DCT supernatant were
measured in two ways, either by western blotting for the angiopoietins or the more
quantitative technique of ELISA for VEGF. An experiment for the future would
be to develop an ELISA technique for the Ang ligands to allow a more accurate
measurement in cell lysates than was possible in this thesis.

Ang-2 protein signal was more prominent in DCT supernatants following
stimulation with 0.1 ng/ml of TNF-a for 24 hours. However, the increased Ang-2
levels in DCT supernatants did not obviously appear increased with higher doses
of TNF-a. VEGF-A immunoreactivity measured by ELISA indicated that levels
increased throughout the experiment in all groups. There was also evidence that
VEGF-A immunoreactivity was significantly lower at both time points in DCT
samples with 0.1, 1.0 and 10.0 ng/ml of TNF-a when compared to DCT cells
without any added TNF-a.

This data indicated that TNF-a stimulation produced a milieu, which could have
an anti-angiogenic effect. Following, TNF-a stimulation there was an increased
level of Ang-2 was produced in the DCT cell supernatants but also a reduction in
VEGF-A. In-vivo in follicle development, this pattern of VEGF-A and Ang-2
expression was observed (Maisionpierre et al, 1997). This caused blood vessel
regression in the corpus leutem. In this study, the expression of Ang-1 in the cell
supernatant has not been determined and this is a further experiment that would be
useful to perform.

The anti-angiogenic milieu produced from the DCT cells was shown to be
bioactive by the assessment of Tie-2 phosphorylation in heart endothelial cells
following exposure to conditioned DCT media with and without TNF-a addition.
This was the first demonstration that distal tubule cells release bioactive
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angiopoietins. Exposure of heart endothelial cells to conditioned media without
TNF-a increased Tie-2 phosphorlyation. This result indicated that DCT cells were
releasing Ang-1 into the surrounding medium, however this has not been
determined in this thesis. When the heart endothelial cells were exposed to
conditioned media with TNF-a, Tie-2 phosphorylation was reduced to
background levels. This was consistent with the increase in Ang-2 observed in
DCT supernatant. As, Ang-2 acts as an antagonist for Tie-2 and increased in the
DCT supernatants, this would explain the reduced Tie-2 phosphorylation levels
observed in these samples. To better understand the specific effects of TNF-a in
the kidney the bioactivity of the DCT cell supernatant could be determined by
repeating the above experiment on renal microvascular cells and assessing the
Tie-2 phosphorylation in these cells. This would have been a more appropriate
target that the heart endothelial cells used in my thesis and could be a potential
future experiment to be performed.

The results from my in-vivo and in-vitro experiments have raised many further
questions that need to be considered. It was hypothesised that the in-vitro model
of DCT cells exposed to TNF-a may provide an insight into the mechanism of
increased distal tubule Ang-1 and Ang-2 expression in the FA model in-vivo when
there was also an increase in TNF-a expression throughout the experimental
model. The in-vitro data indicated that TNF-a increased Ang-2 levels in isolated
distal convoluted tubule epithelial cells. Several studies have shown that TNF-a
can regulate Ang-2 expression. TNF-a increased cellular Ang-2 mRNA and
protein in human umbilical vein endothelial cells (Kim et al, 2000e). In the
presence of nuclear factor-xB (NF-kB) inhibitors TNF-a stimulation of Ang-2
was reduced (Kim et al, 2000e). TNF-a and interluekin-lp (IL-lp) upregulated
Tie-2 protein expression in human heart and dermal endothelial cells (Wiliam et
al, 2000). Studies in my thesis were the first demonstration of increased Ang-2
expression in epithelial cells in-vitro exposed to TNF-a.

The increase in Ang-2 levels observed in some areas of the kidney during the FA
model in-vivo may be due in part to TNF-a, but the effect could be multifactorial.
Other stimuli such as hypoxia have been shown to regulate Ang-2 expression in
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in-vitro cell cultures experiments. Ang-2 protein levels were upregulated in
immortalized mouse mesangial kidney cell lines (Yuan et al, 2000b) and Ang-2
mRNA levels increased in primary cultures of bovine microvascular endothelial
cells (Oh et al, 1999) in response to hypoxia. The hypoxic stimulation of Ang-2
was significantly reduced by inhibitors of tyrosine kinases and protein kinase C,
but not mitogen activated protein kinase inhibitors (Yuan et al, 2000b). Further
experiments need to be performed to see if hypoxia or other cytokines are
upregulated in the FA-model of nephrotoxicity.

In-vitro, TNF-a was shown to have no effect on Ang-1 protein levels in DCT cell
lysates. However, there may be changes in the DCT media, but this has not been
determined in this thesis. This indicated that the isolated DCT cells in-vitro
stimulated by TNF-a might not represent the in-vivo situation of FA-induced
nephrotoxicity. Ang-1 regulation has not been investigated in detail and the
stimuli known to regulate Ang-1 are limited. Experiments have shown that the
morphogen, sonic hedgehog (Shh) regulates epithelial/mesenchymal interactions
in embryonic development (Chiang et al, 1996; Ramalho-Santos et al, 2000).
Direct administration of Shh protected aging mice undergoing unilateral,
surgically induced hind-limb ischemia from impaired angiogenesis (Pola et al,
2001). Shh stimulated cultured fibroblasts have increased expression of mRNA
and protein levels of VEGF and mRNA of Ang-1 and Ang-2. Therefore, it would
be interesting to examine the role of Shh in FA-induced nephrotoxicity.
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F u rth er Experiments

There are many potential experiments for the future using the FA-model. One of
the first experiments to do would be to assess endothelial cell apoptosis in detail in
this model. I have attempted to do this using in-situ end labelling but was
unsuccessful. Further experiments, could involve determining the expression of
markers associated with apoptosis such as activated caspases. This will give an
indication to whether there are any changes in apoptosis on this model. Another
strategy of determining endothelial apoptosis would be to perform electron
microscopy on tissue sections from the FA model. This would also allow a more
detailed examination o f the renal arteries in the FA-model. A study by
Zimmermann et al reported that a higher dose of FA (500 mg/kg) induced
vascular structural changes in rats, including fibrinoid medial lesions of the
arcuate and interlobular arteries (Zimmermann et al, 1977).

The time-course of the experiment could be modified to see if there are effects on
endothelial cell turnover at a later stage following FA induced nephrotoxicity. In
ischemic-induced rats there is a 30-50% reduction in peritubular capillary density
in the inner stripe of the outer medulla in post-ARF versus sham animals (Basiel
et al, 2001) four, eight and forty weeks following ARF. Similar time-points could
be used following FA induced nephrotoxicity.

Western blotting experiments in the FA model could be further developed by
looking at regional differences in the kidney. Protein extracts from the whole
kidney are used for western blotting experiments in this theis while the
localisation changes o f Ang-1, Ang-2 and VEGF-A assessed by
immunohistochemistry concentrated on the kidney cortex. More interesting data
from western blotting experiments in the FA model would be obtained by doing
separate blots for Ang-1, Ang-2 and VEGF-A in both the cortex and the medulla
of the kidney.

All of the experiments described above investigating the expression of Ang and
VEGF following FA injection have been purely descriptive using
immunohistochemistry and western blotting techniques. To determine the
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biological importance of Ang and VEGF in the FA model more functional
experiments need to be performed using this model.

There are several methods in which the biological roles for Ang-1 and VEGF
could be determined. Firstly, the injection of recombinant Ang-1 before FAinjection could be used to see if the recovery from FA-injection in mice is
attenuated. Similar studies have already been performed in isolated rabbit
hindlimbs where injection of plasmids with Ang-1 led to enhanced
neovascularisation (Shyu et al, 1998). A more beneficial experiment could be the
injection of an adenovirus, which overexpresses Ang-1. This would provide a
more sustained release of Ang-1 when injected into FA treated mice. Finally
blocking antibodies to either Ang-1 or Ang-2 would provide more functional data.
These experiments have been performed successfully using other growth factors
that act expressed in epithelial cells and have been shown to enhance the recovery
from ARF. These experiments would also allow us to determine whether Ang-1
and Ang-2 are acting as agonists and antagonists in the FA model of
nephrotoxicity. This would be particularly interesting as there has been recent
evidence, suggesting that the role of Ang-2 in the vascular system may be tissue
and context specific (Gale et al, 2002).

Studies along these lines have already been performed using VEGF and have
yielded some promising results. Injection of VEGFni into the remnant kidney
prevents damage to the glomerular and peritubular endothelium with an enhanced
proliferative response. There is also a stabilisation of renal function in the VEGFtreated rats, and this correlates with a preservation of glomerular capillary loop
number and a reduction in the severity of tubulointerstitial fibrosis (Kang et al,
2001). In a Thy-1 model of glomerulonephritis, Masuda et al have demonstrated
that VEGF administration enhances capillary repair in this model and improves
renal function (Masuda et al, 2001).

The role of the inflammatory response could be investigated in more detail, to
determine whether pro-inflammatory cytokines, such as TNF-a could play a role
in preventing ARF. Pentoxifylline (PTX), an inhibitor of TNF-a production and
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injection of TNF-a antibodies reduce the serum and kidney TNF-a protein levels
in the cisplatin-induced model. In addition, the TNF-a inhibitors ameliorate renal
dysfunction and structural damage of the kidney in this model (Ramesh and
Reeves, 2002). Administration of anti-TNF-a or soluble recombinant TNFRl
block the upregulation of intracellular adhesion molecule-1 (ICAM-1), in
nephrotoxic nephritis indicating that TNF-a contributes to increased macrophage
migration in the renal interstitium of the affected kidney (Mulligan et al, 1993).

In-vivo my studies have concentrated on protein expression. The protein
expression of a molecule gives the clearest indication of the area of the kidney
where the molecule has its biological effect. Further studies could involve
investigating the mRNA expression o f Ang-1, Ang-2 and VEGF-A to determine
where these molecules are made in the kidney. These studies could be performed
by in-situ hybridisation.

There are other experiments that could be performed to develop the data obtained
when TNF-a was applied to DCT cells in-vitro. Some of these experiments have
already been indicated in this Discussion. Firstly, the effect of TNF-a on cell
number could be further investigated by determining the role of potential
transcription factors associated with TNF-a induced proliferation and the
expression of molecules associated with apoptosis, such as the caspases.

The role of Ang-1 following TNF-a stimulation needs to be further investigated,
especially with regard to the DCT cell supernatant. Some preliminary data has
indicated that Ang-1 is expressed in the DCT cell supernatant, but no firm
conclusions could be made, as this experiment has not been repeated due to timeconstraints. This would correspond with my data, that exposure of heart
endothelial cells to DCT conditioned media without TNF-a caused an increase in
Tie-2 phosphorylation indicating that Ang-1 was produced in the DCT cell
supernatant.

The role of VEGF-A following TNF-a stimulation of DCT cells in-vitro could be
further explored by doing a similar experiment as described for Tie-2
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phosphorylation in endothelial cells. The phosphorylation of VEGFR-2 could be
used as a measure of VEGF-A bioactivity. Another measure of the bioactivity of
the DCT conditioned media with and without TNF-a could be to see the effect of
the addition of this media on endothelial sprouting and survival in models of invitro angiogenesis.

As already described there are many other stimuli, which may regulate Ang-1 and
Ang-2 expression in the FA-model. Ang-2 protein levels are upregulated in
immortalized mouse mesangial kidney cell lines (Yuan et al, 2000b) and Ang-2
mRNA levels increase in primary cultures of bovine microvascular endothelial
cells (Oh et al, 1999) in response to hypoxia. Shh stimulates cultured fibroblasts to
increase expression o f mRNA and protein levels of VEGF and mRNA of Ang-1
and Ang-2. Therefore, it would be interesting to see if these stimuli regulated
Ang-1 and Ang-2 expression in distal tubule cells in-vitro.

In both of my in-vitro and in-vivo experiments the role of mouse Ang-3, an
antagonist for the Tie-2 receptor needs to be considered. A preliminary
experiment by RT-PCR has indicated that Ang-3 was expressed in isolated DCT
cells. Therefore, Ang-3 may be contributing to the anti-angiogenic milieu seen in
DCT cells following TNF-a stimulation. Therefore, it would be interesting to
detect the levels of Ang-3 in DCT cell lysates and supernatants following TNF-a
stimulation. Ang-3 may also be important in my in-vivo model of FA-model
nephrotoxicity. There has been one study showing that Ang-3 mRNA is expressed
in the kidney and is upregulated by hypoxia (Abdulmalek et al, 2001). Therefore,
if hypoxia occurs in the FA-model then Ang-3 may play a prominent role in
determining endothelial remodelling in this situation.
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Summary of Thesis
This thesis describes the first definite demonstration o f endothelial cell
proliferation in folic acid induced nephrotoxicity.

Ang-1 protein is synthesised by epithelial and vascular smooth muscle cells in
folic acid nephrotoxicity. Therefore, it is possible to envisage a novel paracrine
signalling system to nearby Tie-2 expressing endothelia in folic acid induced
nephrotoxicity.

In folic acid induced nephrotoxicity there is an inflammatory response, mediated
by macrophages, neutrophils and lymphocytes, associated with expression of proinflammatory cytokines.

This thesis describes the first definite demonstration that renal epithelial cells
express and secrete bioactive angiopoietins.

Conditioned media from DCT cells stimulated with TNF-a was able to reduce
Tie-2 phosphorylation when added to endothelial cells. As TNF-a also decreases
VEGF release, the cytokine may encourage an anti-angiogenic milieu with
decreasing capillary stability and microvascular regression.

Further detailed experiments need to be performed to establish the definite role
and regulation of the angiopoietins in folic acid nephrotoxicity.
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